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CHAPTER 1

INTRODUCTION

Increased human activities combined with new enoopenvironmental and
social constrains shows that energy consumptiomy rmaaterials depletion and
environmental impacts are receiving increased attetry modern society (Carvalled
al., 2008). Due to those factors, sustainabilityasl pursued by the whole world to
achieve a short- to long-term harmonious developrfogrvarious types of systems.

The word "sustainability” is derived from the Lmatisustinere”. It has been
used since the 1980s in the sense of human susitaan planet Earth, which finally
resulted in the most widely quoted definition ofswunability and sustainable
development, given by the Brundtland CommissiothefUnited Nations on March 20,
1987: “sustainable development is development theéts the needs of the present
without compromising the ability of future genecais to meet their own needs”
(Brundtland, 1987). It was noted at the 2005 WoHdmmit that sustainability
requires the reconciliation of environmental, sb@ad economic demands (United
Nations General Assembly, 2005), which is so cathed"three pillars" of sustainability
until now. This view has been expressed later asillastration using three
overlapping ellipses indicating that the threegpdl of sustainability are not mutually
exclusive and can be mutually reinforcing (Foresigmmission of Great Britain,

2009), see Fig. 1.1.
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Figure 1.1. lllustration of the three pillars ofstainability.

1.1  Sustainability of Industrial and Energy Systems

As a broad subject, sustainability is studied arahaged over many scales of
time and space — from planet Earth to ecosystermgntges, economic sectors,
individual lives, occupations, lifestyles, behavipatterns and so on (Millennium
Ecosystem Assessment, 2003). Among those, a mhbjanch is industrial
sustainability, which focuses on how to pursue shert- to long-term sustainable
development of industrial systems, such as a plearporation, geographic region,
industrial zone, or beyond, where material and ggnefficiencies, waste reduction,
safety, synergies among the systems, etc., are gathenmajor concerns (Pilusa al,
2010).

Industrial sustainability has been well recognizsda multi-scale (in terms of



both the time and space) research area, which €ovecro-scale issues such as
sustainable nano-paint design, the topics in meateslevel related to sustainable
process manufacturing, and in macro-scale level $stainable development
decision-making for industrial zones. This work intya focuses on the issues of
sustainable process manufacturing and the sustaidatselopment decision-making for
industrial zones, which are addressed on the ntesoacro-scale levels.

Among the three pillars of sustainability, econoisigefinitely the most critical
one due to the intrinsic nature of industrial ag&e in creating wealth and reducing
costs. Sustainability interfaces with economiceotlgh the social and ecological
consequences of economic activity (Daly and CoBB9L However, comparing with
the conventional economics that historically deniated a close correlation between
economic growth and environmental degradation, sdaguable economics represents
"A broad interpretation of ecological economics vehenvironmental and ecological
variables and issues are basic but part of a nmkidsional perspective. Social,
cultural, health-related and monetary/financialeasp have to be integrated into the
analysis" (Soederbaum, 2008). Note that integgaibonomics with environmental
and social concerns can provide opportunities feating new benefits and business.
For example, industrial waste can be treated a%emnomic resource in the wrong
place". In this sense, the economic benefits cfustainable waste reuse include
savings from disposal costs, fewer environmentalajiees, and reduced liability
insurance. Moreover, it may lead to increased etaskare due to an improved social

public image (Jackson, 2008). As another instafme energy systems, the



improvement on energy efficiency can also incrgaséts by reducing costs.
Environment must be protected during any typesddstrial activities since all

types of vital goods and services required by hugvaard other organisms are provided
by healthy ecosystems. However, human activitemaustrial and energy systems
most likely have negative impacts to the environinaere to inherent resource depleting
and waste generation. There are two major waysedhfcing negative human impacts
on the environment. The first one is the environt@emanagement, or in other word,
pollution prevention, which dominated industriaagtices through the 1980-90's. This
direct approach is based largely on informatiomedifrom environmental science,
earth science, and conservation biology. Howesmrironmental management is only
at the end of a long series of causal factors @hatinitiated by human consumption.
Therefore, this approach is passive and reactive n@ore importantly, may not provide
the best possible results. The second way is #tr@agement of human consumption
of resources, which is extended from Green Engingddeveloped and acted in 2000's)
to Sustainable Engineering (developing and actiegemtly). This approach
emphasizes that the consumption of goods and ssrvtiould be analyzed and
managed at all scales through the chain of theyatddecycle for industrial and energy
systems, where energy, materials and water are rkspurce categories under
investigation. As a positive and active approaomgared with the first one, the
implementation of it has resulted in three broatkaa for environmental sustainability
(Daly and Farley, 2004): (i) renewable resourcesikhprovide a sustainable yield (the

rate of harvest should not exceed the rate of eg#ion); (i) for non-renewable



resources, there should be equivalent developnfer@inewable substitutes; (iii) waste
generation should not exceed the assimilative ¢gpatthe environment. Note that
the environmental sustainability design and analgsiould be incorporated with the
other two-pillars of sustainability.

Compared with the first two pillars, social sus#dility is much more difficult
to be addressed and analyzed. The reason is tistirgbility issues are easily
expressed in scientific economic and environmeetahs, but social aspects are always
related to non-scientific concerns such as natidaal, public image, local and
individual lifestyles, and ethical consumerism @am 1992). In general, social
sustainability is the idea that future generatishsuld have the same or greater access
to social resources as the current generation.thisrregard, the most fundamental
principle of social sustainability is to meet humageds fairly and efficiently, which
encompasses human rights, labor rights, and cdpaavernance. Therefore, the
following criteria are commonly used to rate theiabsustainability of industrial and
energy systems, namely, community, diversity, erygeorelations, human rights, and
process and product safety. Needless to say, thidsea are still quite difficult to be
qguantified exactly, which brings some soft-indicatased approaches in practical for
the assessment of social performance, i.e., paalng system (for instance, from 0 to
10) on each social indicator to represent the ivelgt good or bad performance of
industrial systems (Carvallet al, 2008; Othmart al, 2010).

Sustainability has inherent concerns on the tealpdimension, which clearly

direct to the future. Therefore, all those pritegp and theories about the



triple-bottom-lines stated above should be disalisex only restrictively to the spatial
scale for today, but also from short-term to loagyt over the temporal scale of interest

to meet the demands tomorrow.

1.2  Challenges in the Study of Sustainability

Sustainability problems of industrial and energgtems are always difficult to
be fully investigated due to the complexity carrledthe large scope and scale of the
systems under study, and the multiple objectivethbysustainability essential. From
the process point of view, an industrial (energygtainability problem always refers to
a large scope containing the facts of materialergyn water, money, service,
information, etc. Note that all those facts ardegmated in a large scale
process-product system, which is structured byerbfit functional sectors (or
sub-industries) along the supply chain, and moogotighly, the entities within each
sector. Serving through the whole supply chaichesector and entity connects with
its upper suppliers and lower customers for thep@se of making the final products.
Thus, a desired sustainability design and decisaust be made by coordinating the
entire process system in terms of the hierarchyprotess levels (such as the zone,
sector, and entity) and multiple facts (such aseneds, energy, water, money, service,
information, etc.). From the product point of vjesmstainability of industrial (energy)
systems also has a large scope since every finatenmediate product has a specific

life cycle from raw material acquisition, to manctizring and distribution, and finally



to customer usage, disposal, and recycle. There®rdesired sustainability design
and decision should also be analyzed and managdtsaétges through the chain of the
product lifecycle. Moreover, industrial sustairfdypiis also being recognized as a
multi-scale (in terms of both the time and spaesgarch area. Thus, a sustainability
assessment and decision-making problem has to delinated over all the multiple
scales covered, where different demands and eriteay apply on each specific scale.
Finally, sustainability is a multi-objective andtendisciplinary task due to the
sustainability essential defined on the triple-bwitline objectives. In detail, a
convincing methodology for sustainability study rmnusnsure the balance on
triple-bottom-line aspects, and based on this, idethe optimal solutions of the best
possible overall sustainability.

It must be pointed out that data and informatiopeutainty is another challenge
in sustainability assessment, design and decisiakirrg. The inherent uncertainties
in the data and information needed for a studyedrsm the incomplete and complex
nature of the structure of the industrial systeraor example, the multifaceted makeup
of the inter-entity dynamics, dependencies, anceriatationships, the uncertain
prospect of forthcoming environmental policies fevie the short-term), and the
indistinct interrelationship among the triple batkdines of industrial sustainability (i.e.
how the environmental, economic, and societal carapts of the system affect each
other) are frequently (very) complex and uncertaim addition, the specific data
regarding material or energy consumption, produetste, or by-product generation,

amount of recycle, and profitability of an indivialuplant, industry, or zone are often



incomplete and imprecise. These complexities amckdainties can be even more
difficult to deal with when they appear in futurdapning, such as potential
modifications to environmental policies, market @eu, supply chain structures, etc
(Pilusoet al, 2010). According to Parry (1996), uncertaintbte® be classified into
two types: aleatory and epistemic. Aleatory uraety refers to the inherent
variations associated with the physical systemherenvironment under consideration
and it is objective and irreversible, which canrbpresented in stochastic terms. By
contrast, epistemic uncertainty is carried by #ek lof knowledge and/or information,
and it is subjective and reducible, which can bpresented in terms of intervals
(Hemez, 2002). The uncertainties encountered enstindy of large-scale industrial
sustainability problems, as exemplified above, bareither aleatory or epistemic. In
this regards, the sustainability assessment resaigl sustainability-based
decision-making can be meaningful only if the imeal uncertainty issues are
addressed properly.

As described above, sustainability design andsttatimaking of industrial and
energy systems is a multi-objective and interdigtpy task, which has great
challenges due to the inherent complexity and uardy. In order to achieve a
sustainable development, much progress is needethdoidentification, design and
implementation of appropriate products, processepply chains, planning strategies
and even policies under various types of uncegtainthus, it is necessary to develop
systematic methods and tools, which enable thergioe of sustainable design and

decisions to adapt to the short- to long-term neaats the future (Carvalhet al,



2008).

1.3 System Approaches for Study of Sustainability

To deal with those challenges, the sustainabslitidy of industrial and energy
systems requires sustainable systems approachésh wiould be able to not only
effectively address the sustainability principlésit also systematically handle the
design and decision-making under complexity ancectamty.

A sustainable systems approach can be interprase@d systems approach
developed based on sustainability theories anctiptes for handling certain types of
sustainability problems. A system is a group dkracting components that work
together to achieve some common purposes. Withdgfanition, the general systems
approach can be characterized as the one focuseowhole group (not just a single
component) of the system under study, investig#tesinteractions and variations
between all involved components simultaneously, aodieves overall purposes in
design and/or decision making (for instance, aasnable development) on the system
(Vanek and Albright, 2008). Note that the underdiag of the nature of interactions
and variations between components is always thadkéye implementation of systems
approaches for problem solving. The opposite efdisstems approach is sometimes
called the unit approach. The idea of a unit apgnas to identify one key component
of the system and one criterion as the core obgept. Then, a design solution is first

generated by ensuring the components satisfiesntimenum requirement for the
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criterion.  After that, the other components amthier designed to take care of all other
physical and economic characteristics of the prableln practice, the unit approach is
suitable to be applied on simple and direct systéms impossible to be applied on

industrial and energy systems that carry great déexity and uncertainty (Vanek and

Albright, 2008).

The systems approach emerged as scientists arldsqyphiers identified
common themes in the approach to managing and iamggrcomplex systems. Four
major concepts can be summarized: (1) Specializaticcystem is divided into smaller
components allowing more specialized concentratioeach component; (2) Grouping:
it is necessary to group related disciplines or-digbiplines in order to avoid the
generation of even greater complexity with incregspecialization; (3) Coordination:
as the components of a system are grouped, itesssary to coordinate the interactions
among groups; and (4) Emergent properties: dividirgystem into subsystems (groups
of component parts within the system), requiregezing and understanding the
"emergent properties" of a system; that is, recggi why the system as a whole is
greater than the sum of its parts.

In the past decades, different methodologies tmeen proposed for applying
the concepts of systems approach in the study ematal processes with respect to
improvement of the cost-efficiency (Carvalbbal, 2008). For instance, Rapopeit
al. (1994) proposed a systematic methodology for #sgth of process plants, which
generally follows recursive steps of synthesisyais and evolution. This approach

is essentially based on heuristic rules from ergging experience, detailed process



11

calculations and detailed economical evaluatiores @apable for the generation of
optimal design alternatives. Another typical sgseapproach in design of chemical
processes is based on mathematical concepts amgizgiion methods, such as mixed
integer non-linear programming (MINLP), which wa®posed by Ciric and Floudas
(1989), and Jackson and Grossmann (2002), and ead Wwidely accepted by the
research society and continually discussed until. no

Due to the superior ability of handling complexityiose general process
systems methodologies have been combined with isabtbty principles to form
sustainable systems approaches. For instancegl(@0§2) proposed a methodology
on identifying the opportunities in pursing susiédile development of chemical
manufacturing processes. This method is based adh the material and energy
efficiency. As the application, nearly 50 chemiqabcesses are evaluated by this
method and those processes with low sustainalpétjormance are identified through
comparisons. However, only heuristic opportunitigs the ideas of recycling and
reuse are considered by the author for system degwant. Another mass and energy
indicator-based methodology was proposed by Ueetieg) al. (2003 and 2005). By
this methodology, several pre-defined cost-efficiemdicators are first checked for a
chemical process, then the critical points in thhecpss are determined by local
sensitivity analysis and feasible design altermatiare further generated heuristically.
However, these feasible alternatives are only coetpavith each other in terms of
economic aspects for determining the best alter@ati Jenseret al. (2003) further

extended this methodology where the previouslyngefiindicators were retained but
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the choice of the best alternative was obtainechgusiew parameters related to
economic, safety and environmental factors.

More recently, Carvalheet al. (2008) introduced a process retrofit design
methodology for deriving sustainable design confgjons. In detail, this
methodology determines a set of mass and energgatods from steady-state process
data, establishes the operational and design sarged through a sensitivity-based
analysis, identifies the design alternatives tham enatch a set of design targets.
However, for the sensitivity analysis conductedis ttmethod only focused on
operational parameters rather than design parasnetén addition, the methodology is
limited to scenario-based decision making, and thasdesign optimality can be
addressed adequately. Pilusb al. (2008) introduced a sustainability assessment
methodology through extending existing Ecologicaput-Output Analysis (EIOA)
approach (Baileyet al, 2004). The methodology is capable of quantiedyiv
evaluating the sustainability level of industriayseems when different system
enhancement strategies are implemented. It isicpkly applicable to large
industrial systems, such as industrial zones. Hewat offers only scenario-based
assessment, where no design optimality can be ssktte Tora and El-Halwagi (2009)
applied system decomposition, super-structure, aptimization methods into an
optimal design and integration of solar systems fosgil fuels for sustainable and
stable power outlet. By this method, an optim@atmodel is derived, where the
objective function is to seek the maximum overabtainability of the whole process.

The adjustable variables are the energy providetbgsil fuels, the energy associated
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with the steam from each header down to other hea@dad the area of the solar
collector. Constraints of the optimization arest@nergy balance, power generation
requirement, etc. After solving this optimizatigroblem, the optimal solution
obtained is interpreted as the final decisionshef design for sustainable and stable
power outlet.

Although one of the challenges in sustainabilitydy, i.e., the complexity, can
be handled by those existing methodologies, therathallenge, uncertainty, was not
considered by all of them, which quite much retdritheir applications. As stated
before, inherent uncertainties cannot be negledtedto the essential of sustainability
focusing on the future needs and the lack of datBgrmation, and knowledge.
Therefore, uncertainty issues must be addressquepyoin sustainability assessment,
design, and decision-making. In fact, A varietynodthematical and computational
intelligence methods are available for uncertalmydling, such as those by resorting
to statistical theory, fuzzy mathematics, and iaréif intelligence (Ayyub and Gupta,
1997; Graham and Jones, 1988; Kanovicha and Véestgil2007; Yang, 2001; Cawleya
et al, 2007; Meinrath, 2000; Zimmermann, 1991; X&al, 1991). For instance,
Probability Bounds Analysis (PBAY(ckeret al, 2003) is a method extended from the
probability theory foore, 1966. It expresses uncertainty using a probability-ar
p-box) approachHersonet al, 2003), where a p-box represents a range ofilalision
functions. The method can provide a balance betwe® expressiveness of
imprecision and computational efficiencyVdlley, 199). Note that since the

availability of distribution functions is a requiment, and modeling of uncertainty
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propagation is a real change, these could disqutdg PBA methods in the study of
many types of sustainability problems.

In dealing with aleatory uncertainties, Monte Gabolhsed simulation becomes
more popular in the recent research progress. dpsoach embodies uncertainties
by checking a large number of random samples witberdnt uncertainty combinations,
and taking aggregated results from them for decisiaking.

Fuzzy logic and fuzzy programming based approaches attractive in
formulating and manipulating epistemic uncertasitiwhere rigorous logics are used to
deal with fuzzy information that are difficult toompute using conventional
mathematical method®i{usoet al, 2009). The solution derivation process is ugual
transparent, which makes solution reasoning easmtierstand. Piluset al (2010)
and Liu et al (2009) introduced a fuzzy-logic-based decisiorkim@ approach for
industrial sustainability enhancement under ungesta Note that, however, decision
quality is largely affected by the definitions afzky sets and fuzzy numbers, where
subjective judgments are used to a large exterausecof lack of sufficient quality data.
Apparently, poor judgments could be detrimentaldexision quality. Sevionovic
presented some general concepts surrounding fuetzgpproaches to processing types
of uncertainties appeared in water sustainabiliybfems Sevionovic, 199y, Hersh
(1999) demonstrated a need for conducting sertgitanalysis when investigating the
dependence of decisions on uncertain parameterghtseand models, but the success

in problem solving is yet to be proven.
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Information Gap Theory (IGT)Ben-Haim, 200p is a fairly new method for
expressing uncertainty and making decisions whdny the best guess for a specific
guantity is availableBen-Haim, 200k An info-gap is a disparity between what is
known and what needs to be known in order to makesponsible decision. It has
some engineering applicationBefh-Haim, 2005 Hine et al, 2010). However, the
mathematics of IGT is complicated and appears ta tistraction from some important
goals of modeling decision problems directBe(man, 2009

Interval Parameter (IP) based uncertainty hand8ran interesting approach, by
which parameter uncertainties are expressed bgvaltaumbers, each of which has the
lower and upper bounds; it does not need any databdition information Xia et al,
1997). The IP-based approaches have been usetdkiing many environmental
problems (in et al, 2008;Lu et al, 2008;Lv et al, 2009;Li et al, 2010). This type
of approaches could be of great usage for varioggmability assessment and decision
making tasks, where no probability function is dabile from the accessible data and no
subjective judgment is extensively needed. Thipagicularly true for the tasks of
sustainability enhancement of industrial systene teichnology adoption, since the
accessible data are usually limited and uncertiatg ranges of parameters are known,
but not data distributiorP{lusoet al, 2010).

In the regards of processing complexity and uaget, the existing system
approaches in the study of industrial sustaingbiian be recognized as the first
generation, which demonstrate good capability fandiing complexity but no

uncertainty issues are being considered. To owsgcthis limit, there is a research
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need to integrate techniques and methods for handhcertainties (such as fuzzy logic
theories, interval based approaches, and Monte ®@aded simulation) with the general
systems approaches and develop a new generationsusfainable systems
methodologies, which can effectively and systenadlfic handle the design and
decision-making of industrial and energy systemsleunboth the complexity and
uncertainty. Those second generation methodoladiiesld have three major features:
(1) sustainability approaches that can effectialgress the sustainability principles, (2)
system approaches that can handle great complkxaydentify optimal solutions, and
(3) practical approaches that can be implementedémwarious types of uncertainty.

In this work, a series of methodologies showingsth desired features are
proposed for the study of sustainability problerhendustrial and energy systems under
various types of uncertainties and design purpose3he first and second
methodologies are developed by using interval patanbased approaches in dealing
with aleatory and epistemic uncertainties for dustaility-oriented decision-making.
In specific, there is a difference in the functibrdesign between those two
methodologies, where the first one is designeddigision-making of sustainability
improvement on existing industrial systems; and $sleeond one is developed for
sustainability-oriented strategic planning on newn-existing) energy systems. The
third methodology is developed for the sustaingb#ginhancement under aleatory and
epistemic uncertainties. By imbedding Fuzzy Ldbeory with systems approaches, a
fuzzy logic based Triple-A template was designeddgriving the optimal sustainability

enhancement strategies under uncertainties. Cexhpavith the first three
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methodologies, the last one is developed for th&asability improvement under
aleatory uncertainties. This methodology is feaduas the function of using both
system optimization for obtaining sustainable depelent options, and Monte Carlo

based simulation for handling stochastic unceriesgnt

1.4  Objectives and Significance

Incontestable evidence has shown that industffiaite for development in the
past decades have accelerated nonrenewable resbepéetion and caused serious
green house gas emissions as well as many othes typpollutions today. With no
other option, industries must find ways to ensutel@velopment efforts to meet the
goals of sustainability.

Sustainability refers to a state of harmoniousranttion among the economic,
environmental, and social aspects of the systematefest, whereas sustainable
development refers to the process of continuousamgments and the path that must
be followed in order to achieve an improved stdtsustainability. As a major branch
of sustainability, industrial sustainability focss@n how to pursue the short- to
long-term sustainable development of an industiraénergy system, such as a plant,
corporation, geographic region, industrial zonepeyond, where material and energy
efficiencies, waste reduction, safety, synergiesragthe systems, etc., are among the
major concerns (Piluset al, 2010).

Sustainability design and decision-making of indakand energy systems is a
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multi-objective and interdisciplinary task, whichash great challenges due to the
inherent complexity and uncertainty. In order thiave a sustainable development,
much progress is needed for the identification,igitesand implementation of
appropriate products, processes, supply chainaniplg strategies and even policies
under various types of uncertainty. Thus, it isgssary to develop systems methods
and tools, which enable the generation of susténdéesign and decisions to adapt to
the short- to long-term needs into the future (@Hlrvet al, 2008).

Although a variety of process systems methodofotigve been developed to
assist sustainability study, the issue of how tal d@th the challenge of uncertainty
issues has not been adequately discussed by tRistmg works. To overcome this
limit, there is a research need to integrate teples and methods for handling
uncertainties with general process systems appesaahd develop a new generation of
sustainable systems methodologies for effectiveld aystematically handling the
design and decision-making of industrial and enesggems.

For this objective, a series of methodologies@mposed in this work for the
study of sustainability problems under various s/ complexity and uncertainty.
Those methodologies proposed have three majorré=at(ll) sustainability approaches
that can effectively address the sustainabilitpgples, (2) system approaches that can
handle great complexity and identify optimal salag, and (3) practical approaches
that can be implemented under various types of nmiogy. Beyond that, a
computational tool was designed, which providescfioms on both the industrial

sustainability assessment and decision-making ¢firoseveral convenient and
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interactive steps of computer operation. By tlusl,t people without knowing the
complex sustainability theories and calculatiorem) easily evaluate the sustainability
status of industrial and energy systems of inteceshpare different design alternatives,
identify the best design for decision-making, aradjuare suggestions on potential
system improvements.

This research is quite valuable in its methodaalgi contribution for
sustainability assessment, design and decisionagakind solutions obtained can help
decision makers to identify desired manufacturitrgtegies for industrial practices.
Moreover, the computational tool will greatly fat@te the academic and industrial

practices on the study of sustainability, whickhis first one available to the public.

1.5 Dissertation Organization

As stated before, the objective of this researchtoi develop a series of
sustainable systems methodologies and a computitool for the study of
sustainability problems of industrial and energystegns under various types of
complexity and uncertainty. Since the researchlifgato the present dissertation
covers a broad spectrum of sustainability desigh @ecision-making problems, this
dissertation is composed of two parts.

Part I, dealing with sustainability design and isien-making methodologies
under various types of uncertainties, consistsivad €hapters: The first two chapters

introduce interval parameter based sustainabil@gision-making methodologies. In
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specific, Chapter 2 deals with sustainability erdeanent on existing industrial systems,
and Chapter 3 focus on sustainability-orientedtatyia planning of new (non-existing)

energy systems. A Fuzzy Logic based Triple-A tat®lis given in Chapter 4 for

deriving the optimal sustainability enhancementatsgies under subjective
uncertainties, where the Fuzzy Logic theory is idtheg with systems approaches to
handling both the complexity and uncertainty assted with the sustainability study.

Compared to the first three chapters all dealinghwepistemic uncertainties, a
methodology for taking care of aleatory uncertamitis given in Chapter 5. This
methodology is featured as the function of usinthlsystem optimization for obtaining

sustainable development options, and Monte Carlgedasimulation for handling

stochastic uncertainties.

Part Il contains Chapter 6 and 7, where a comioumi@t tool and an exergy
based analysis method are given as a complemeéiné tmain sustainability research of
Part I. Although no direct design and decision-imngkmethodologies are developed
in these two chapters, the contents of them alse lyeeat contributions to the current
sustainability research and practice. In Chapter @mputational tool is designed for
industrial sustainability assessment and decisiaktng. By this tool, people without
knowing the complex sustainability theories anccaladtions, can easily evaluate the
sustainability status of industrial and energy ayst of interest, compare different
design alternatives, identify the best design facision-making, and acquire
suggestions on potential system improvements. hap€r 7, a brief introduction

about the concept of exergy and the exergy-basmsmeps analysis is given. After that,
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an exergy-based I0OA method is proposed for indalssuistainability analysis, and a
detailed case study is given to demonstrate theaeff of the proposed method.

Finally, Chapter 7 provides concluding remarks fadre work.
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CHAPTER 2
TECHNOLOGY EVALUATION AND DECISION MAKING FOR
SUSTAINABILITY ENHANCEMENT UNDER INTERVAL BASED

UNCERTAINTY

Depletion of natural resources, environmental saress economic globalization,
etc., demand seriously industrial organizationemsure that their manufacturing be
sustainable (Batterham, 2003). Today, numerous aramhd manufacturing
technologies are available for improvement of ewengterial efficiency, product
development and quality assurance, zero (wastehalige, process safety assurance,
productivity increment, etcSfkdaret al, 2011) Needless to say, technology adoption
by industrial organizations must be financiallytjfisd. Industries seek continuously
systematic methodologies and tools that can hegthdentify the most suitable
technologies to achieve their sustainability gdath® minimum cost. Beloff et al,
2005.

Sustainability enhancement is always a very chgitey task, even for a small
industrial system, such as a plant or product. idBmtify strategies for sustainability
enhancement, economic, environmental, and sociataisiability assessments are
always the first and critical step. In assessmamtunavoidable task is to identify an
effective approach to process a variety of unaeties that appear in system
characterization, technology description, and bedyornFor example, the combined

economic, environmental, and social performanceteahnologies can be hardly
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determined precisely. It is usually not predictalthen environmental regulations
will change and how they will affect technology d®pment and adoption. The
inter-dependency of industrial systems and theveglee to sustainability are frequently
difficult to model. The information about materiat energy consumption, product,
waste, or by-product generation, and profitabildl individual systems are often
incomplete and imprecise. The uncertain situattan be more severe when
predicting future sustainability performance, agsketdemand, supply chain structures,
environmental policies, etc., change along the time

Uncertainties can be generally classified into wabegories: the aleatory and
the epistemic uncertaintiePdrry, 1998 The aleatory uncertainty refers to the
variations associated with physical systems ani@renvironment; it is objective and
irreversible. By contrast, the epistemic uncettais carried due to lack of knowledge
and/or information; it is subjective and reducibléhe uncertainties encountered in the
study of industrial sustainability problems, as rapéfied above, could be either
aleatory or epistemic.

A variety of mathematical and computational ingglhce methods are available
for uncertainty handling, such as those by resgrtin statistical theory, fuzzy
mathematics, and artificial intelligence (Ayyub a@dpta, 1997; Graham and Jones,
1988; Kanovicha and Vauzeillesb, 2007; Yang, 2@dwleyaet al, 2007; Meinrath,
2000; Zimmermann, 1991; Xiat al, 1991). For instance, Probability Bounds
Analysis (PBA) Tuckeret al, 2003) is a method extended from the probahitigory

(Moore, 1969. It expresses uncertainty using a probability-lfor p-box) approach
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(Fersonet al, 2003), where a p-box represents a range ofildision functions. The

method can provide a balance between the expressgeof imprecision and
computational efficiency Walley, 199). Note that since the availability of
distribution functions is a requirement, and maaglof uncertainty propagation is a
real change, these could disqualify the PBA methadhe study of many types of
sustainability problems.

Fuzzy logic and fuzzy programming based approaches attractive in
formulating and manipulating epistemic uncertastiwhere rigorous logics are used to
deal with fuzzy information that are difficult toompute using conventional
mathematical method®i{usoet al, 2009). Solution derivation is usually transpére
which makes solution reasoning easy to understaRidusoet al (2010) and Liwet al
(2009) introduced a fuzzy-logic-based decision-mgkiapproach for industrial
sustainability enhancement under uncertainty. Nod¢, however, decision quality is
largely affected by the definition of fuzzy setsdafuzzy numbers, where subjective
judgments are used to a large extent because &f dacsufficient precise data.
Apparently, any poor judgment could be detrimematlecision quality. Sevionovic
presented some general concepts surrounding futizgpproaches to process a few
types of uncertainties appeared in water sustditalproblems Gevionovic, 199y
Hersh (1999) demonstrated a need for conductingsitsaety analysis when
investigating the dependence of decisions on ugiceparameters, weights, and models,
but the success in problem solving is yet to bevgmo Recently, Connet al (2011)

introduced a fuzzy-logic-based method for sustalitgbassessment of nations and
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corporations under interval-based uncertaintiesy tBeir approach, sustainability
index intervals are calculated through fuzzy-logased operations. Again, how to
define adequately a variety of fuzzy sets is alehgk.

Information Gap Theory (IGT)Ben-Haim, 200% is a fairly new method for
expressing uncertainty and making decisions whdny the best guess for a specific
qguantity is available Ben-Haim, 200k Note that information gap is defined as a
disparity between what is known and what needsedkmown in order to make a
responsible decision. It has some engineeringicgmns Ben-Haim, 2005 Hine et
al., 2010). However, the mathematics of IGT is caogpéd and thus the method is
difficult to use in modeling decision problenglman, 200

Interval Parameter (IP) based uncertainty hand8ran interesting approach, by
which parameter uncertainties are expressed bgvaltaumbers, each of which has the
lower and upper bounds and there is no data disioib information requiredXja et al,
1997). IP-based approaches have been used tostadgssfully many environmental
problems Lin et al, 2008;Lu et al, 2008;Lv et al, 2009;Li et al, 2010). This type
of approaches should be suitable for various sumdity assessment and
decision-making tasks, where no probability functie derivable from the accessible
data. The approaches are particularly attractowetlie tasks of technology-based
sustainability enhancement, where the known dagauaually limited and uncertain,
data ranges of parameters are known, but not dsti@dtion information is available

(Pilusoet al, 2010).
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In this chapter, we introduce a simple, yet systamaterval-parameter-based
methodology for sustainable technology assessmemt decision making for
sustainability enhancement of industrial systemdeuruncertainty. By this method,
technology candidates can be thoroughly evaluasedyisuitable sustainability metrics,
and optimal technology sets can be readily idesdifito meet the industrial
organization’s strategic goals under budget comgtra The developed methodology
is general that can be applied to sustainabilityameement problems of any size and
scope. The remainder of the chapter is organizeidlbows. We introduce first the
basic definition of an interval number and arithim@peration types. Then, a set of
interval-parameter-based sustainability assessfoenulations are introduced, and the
interval-parameter-based approach is extended goidéntification of sustainability
enhancement needs. Next, an interval-parametedbaschnology identification
methodology is described in detail. The efficaéyhe methodology is demonstrated
through investigating a sustainable biodiesel mactufing problem. Finally, we will
discuss some application issues and conclude tieifisance of the introduced

methodology.

21 Interval Parameter Based Uncertainty Handling

Let X be an interval number with known lower and uppeuras, for which

parameter distribution within the interval is unkmo This interval number can be

defined as:
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X =[x, %], (2.1)
wherex" and x” are real numbers and < x”. Note that ifx" equalsx”, then X
becomes a deterministic number, which means nortamety involved, and thus can be
written asX. The definition in Eqg. 2.1 still applies to a @eninistic number as a
special case.

Let symbol DD[+, -, X, +] be a binary operation on interval numbers. Then
the algorithmic operations of interval numberg,and Y, are generalized aXi@ et al,
1997):

X 0OY =[min{x 0y}, max{x0y}], where x" < x<»®, y- <y<y’. (2.2)

More specifically, we have:

X+Y =[x+ y-, 30 +y (2.3)
X -V =[xy, -y, (2.4)
X xY =[min{xx y}, max{xxy}], (2.5)
X +Y =[min{x+ y}, max{x+y}|. (2.6)

Based on the definition of multiplication in Eq52the following operation holds:
ﬁz[\/?\/x_u} 2.7)

Note that the resulting interval ensures the loweund not greater than the upper
bound. Also note that the above definitions angliegble to the operations involving
one or more deterministic numbers, since a detesttimumber is a special case of an

interval number. In the following text, every intal number is symbolized by a
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variable symbol with a bar above, and the operatainterval numbers will follow the

definition in Eq. 2.2.

2.2 Sustainability Assessment

Various metrics systems are available for perfagrsustainability assessment,
such as the IChemE (2002) and AIClEobet al,, 2009) sustainability metrics that are
widely adopted by the chemical industries. Forirafustrial system nameR, we
assume that a set of sustainability metrics, namsehs, is selected by the decision
maker. The set of metrics contains three subsatd) of which can have a number of
specific indices:

s={E. v, L}, (2.8)
where

E ={Ei li= 1,2,EDD]F}, the set of economic sustainability indices,
v={, li= 1,2,[MG}, the set of environmental sustainability indices,
L ={Li |i= 1,2,D]D]H}, the set of social sustainability indices.

Note that all the sustainability indices in thisttdake normalized values for the
convenience of discussion. Therefore, it is regplthat in application, all the data be
normalized first.

By using selected sustainability indices, the stajuo of the sustainability of

systemP could be assessed using available data colleobed the system. For those
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uncertain data, the corresponding parameters stmmukkpressed as intervals with the
upper and lower bounds specified. In this way,ittiex-specific assessment results,
i.e., E(P)’s, V(P)'s, and [[(P)’s, are also interval numbers (see the ®lumn of

Table 2.1). These data can be used to estimateatiegorized sustainability of the

system, i.e.,E(P), V(P), and L(P), which are called the composite sustainability

indices and can be evaluated using the followimmtdas:

 YaEP)

E(P)='2—, (2.9)
;la

()

V(P)=ttp—, (2.10)
;h

YL

L(P)=i=tp—, (2.11)
26

wherea;, by, andc; [ [1, 10] are the weighting factors associated whhcorresponding
indices, reflecting the relative importance of adividual index over others in overall
assessment. If all the factors are equally importhen each factor is set to 1.

It is understandable that at a higher level ofamagement hierarchy, decision
makers may be interested in their organization'sral sustainability rather than very
specific index values. In this case, the overatainability level of the system,

denoted by S(P), can be estimated as follows:
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<oy @E(P). sV (P). K (P))
S(P)= @ 5 , (2.12)

wherea, B, andy each has a value of 1 (default) or greater. MNéyr S(P) is still

normalized.

Table 2.1. Sustainability evaluation on the syséem the technologies.

Category| Index | System®) |— T(_erzhnolo.(‘.q.ies =
Econ. |2t Ei(P) EM) | E®) | . | )
® e 80 [EM &M .. &)
environ V| VaP) | Vi(m) | V() | .. | VAT
Ve |l ) | | %)
Soc. |- L(P) L(L) | L(T) L)
O T e wm o ol

2.2.1 The weighting factor issue

Equations 2.9 through 2.12 contain a number ofkteig factors, which reflect
the relevant importance of different sustainabiéigpects. It is widely recognized that
the weighting factors should be determined by decisnakers based on their
understanding of an organization’s development .godhe assessment framework
introduced in this work provides opportunities tbem to assign preferred values to
weighting factors in their applications. They @80 assign different values to those

weighting factors and then compare the results.
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2.3 Goal Setting and Determination of the Need foBustainability Performance

Improvement

For any industrial system, sustainability improesineeds can be determined

based on the organization’s strategic goal.
2.3.1 Strategic goal

An industrial organization’s strategic plan can detailed by specifying its
economic, environmental, and social developmenisdoelow:

E°A(P) = the economic sustainability goal for system

V*A(P) = the environmental sustainability goal for syste,

L°}(P) = the social sustainability goal for systém
By following the same approach used in Eq. 2.18,dwerall sustainable development

goal can be expressed as:

ooy |@E2(). av=(p). 1)
e —

, (2.13)

wherea, B, andy take the same values as those used in Eq. 2.1Bvio@ly, SA(P) is
also a normalized parameter. The sustainable ojevent goals could be achieved in
one or multiple stages. In this work, we assuna this is a one-stage improvement
effort. For a multiple stage improvement, the oigation should specific its

sustainability goals for each stage.
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2.3.2 Determination of improvement need

Whether the sustainability performance of sysishould be improved or not
is determined firstly by measuring the differeneween the system’s status quo and

the sustainability goals in the following way:

AE™(P)=E*(P)-E(P), (2.14)
V'™ (P)=v(P)-V(P), (2.15)
A0 (P) = L(P)-L(P). (2.16)

The deviation of the overall sustainability of $ystem from the goals is:
A5 (P)=s*(P)-5(P). (2.17)
Note that ZE™(P), 4aV'™(P), and AL™(P), and thus4S™(P) are rarely
zero intervals. The industrial organization shoséd its satisfaction level about the
system performance, and then decide whether actiomsld be taken for performance
improvement. Letng, v, and 7. be the maximum acceptable deviations of the
system's sustainability performance from the ptegeals. They can be set to, for

example, 5% each. If any of the following ineqtied holds, a sustainability

improvement effort is needed:
AE™*(P)> . ES(P), (2.18)
AV ™ (P)> VP (P), (2.19)

AC™*(P)> 5, LP(P), (2.20)
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where A4E™*(P), 4V™*(P), and 4L™*(P) are the lower bounds of the

improvement intervals obtained in Eqgs. 2.14-2.16.
2.4  Technology Evaluation on Sustainability

In this study, sustainability enhancement of systenis achieved through
implementation of suitable technologies. Assumat M candidate technologies are
available. They should be evaluated by the sars@isiability indices as those used
for systemP. The evaluation results expressed as intervalbeusnare entered in
Table 2.1 (from the @ column). It is very possible that technology intes,
providers, and users can provide some technologgsament information based on
their tests and experience. The information, ha@reshould be re-evaluated using the
selected sustainability indices, through workinghwihe industrial organization, for
systemP. In the case of missing technical data, a rediastem simulator can be
used to generate reasonable performance data. thadtall the parameters in Table
2.1 have normalized values.

Based on the index-specific evaluation data fehgachnology, the categorized

sustainability performance of each can be derigeblows:

ZF:arE(Tj)

E(Tj)=':1—: j=1, 20N (2.21)
&

E
i=1
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>

V(Tj): =g : j=1,2,0N (2.22)
2.0

_ i‘QE(Tj)

'—(Tj)=i:1H—; j=1, 20N (2.23)
2.

whereg;, b, andc [1, 10] are the same weighting factors as thosel us Eqgs. 2.9 to
2.11.
The suitability of each technology listed in Taldd for the improvement of

systemP can be readily evaluated in the following way:

2E (1,:P)=E(T,)-E(P); i=1,2,F j=1, 20N (2.24)
v (r:P)=v (T )-Vi(P); i=1,20G;, j=1,2N (2.25)
4.(1;:P)=L (1 )-L(P); i=1,20H; j=1,2N (2.26)

The above index-specific suitability evaluatiorsukts can then be used to

calculate the categorized sustainability improventerel for systenP as follows:

_ ia,-AE(Tj ’P)
4E(T;P)=E— : j=1, 2N (2.27)
;a\
S (r,:P)
4'\7(Tj p)=12 j=1, 20N (2.28)
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L Seatfrie)
AC(TP)= 2
2.6

i=1

: j=1, 20N (2.29)

wherea;, Iy, andc O [1, 10] are the same weighting factors as thosd us Egs. 2.9 to
2.11. These results are summarized in Table Zh2ravthe cost information for using

each technology, i.eB(Tj;P), is also included.

Table 2.2. Technology specific sustainability imygment and cost data.

Improvement levels by individual

Sustainability category and technologies

cost for technology use

T, Ts 77 TN
Econ. sust. improvement | 4E(T,;P) | 4E(T,;P) LE(T,;P)
Environ. sust. improvement AV (T,;P) | av(T,;P) MV (T ;P)
Soc. sust. improvement AL(T;P) | 4L(T,;P) AL(T,;P)
Overall sust. Improvement| AS(T,;P) | 4S(T,;P) AS(T,,;P)
Cost for technology use ($) B(T;;P B(T,;P) B(T, ;P

2.5 Identification of Superior Technologies

With the assessment information derived by the opuetdescribed in the
preceding section, technology identification cansigstematically conducted, which is
to generate a complete set of information about tapacities of technology
combinations for sustainability enhancement undgivan budget limit. The solution
superiority here is defined as follows: by the iifead technologies, the industrial

system’s sustainability performance can meet thasgsatisfactorily at the cost under



36

the budget limit. Very likely, multiple sets ofctenology combinations exist under
cost constraint. Those technology combinationsalisishow different capacities in
improving different areas of sustainability, altigbu their overall sustainability
performances may be so close that their superiteigls cannot be differentiated.
Therefore, it is appropriate that all those supesmutions are provided with detailed
information to the decision makers, who can makeirthlecisions on technology
adoption.

To assist the industrial organization in techngleglection, the methodology
can generate the following types of information éy@ summarized in Table 2.3.

a) The technology sets numbered in column 1 and listecblumn 2 of the
table. Each technology set contains one or marentdogies, such asl§} and {Ts,
Ts, Tagl, etc. The total number of candidate technologissis 2-1, including all
combinations by thdl candidate technologies.

b) The capabilities of the technologies for econorars/ironmental, social, and
overall sustainability improvement. This group information shows not only the
categorized sustainability improvement levelSE(T;P), 4V/(T;P), and 4L (T;P))
after implementing each technology set (in coludntisof the table), but also the extent

of the overall sustainability of the syster (T';P))that can be reached (in column 7 of

the table). Assuming that theth technology set has technologies included, the

improvement level by the set can be derived asvid|

LE(T; p):i Er:P), (2.30)



37

(T P)=§ v/(T,:P),(2:31)

AL (T:P)=3 AL (T :P). (2.32)
j=1
Table 2.3. System sustainability improvement lohitwlogy sets.

" Tech.| Cost for Achievable categorized sustainability Suvs?ratl)”y

set tech. set Econ. Environ. Soc. tech. set
1 | {m | B[P | EMP) | V(P | LTP) | S(TP)

T1, : = : Y : . a :

N+1 {TZ; Bus(TiP) | Eyua(TiP) | Viu(TiP) | Liu(TiP) | Sya(TiP)
{Ty, B B B

oM _1 | T2 | B, (TP) | E, (TP) | V. (TP) | L. @P) | S, (TP
Ty}

The above categorized sustainability improvemesgults can be used to
evaluate the overall sustainability§(T;P), by firstly calculating the categorized
sustainability that syster® can achieve after implementing tin¢h technology set.

The formulations are given as follows:

E(T; ):2 E(T,;P)+E(P), (2.33)
\Z(T;P):§A\Z(Tj;P)+\7(P), (2.34)
E(T;P):i AL (1 P)+L(P). (2.35)

Then the overall sustainability after using a sfiesket of technologies becomes:
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(& (T:P), BV (T:P), Ji(T;P))

, 2.36
@ 5 7 (2:39)

S(T;P)=

wherea, [, andy take the same values as those used in Eq. 2.X®dmsistency. The
information derived from Egs. 2.33-2.36 should beeeed in the 4 - 7" columns of
Table 2.3.

c) The total cost for using thieth set ofm technologies can also be readily

calculated as follows:

B.(T:P)=i B(T,- ;P), (2.37)

j=1
The cost data are listed in th@ 8lumn of Table 2.3.
The effectiveness of technology sets in applicattan be further evaluated
through calculating the sustainability improvempeatcentages in the following way:

(T:P)-E(P)

mi

E‘mp(T;P)(%):T, (2.38)
ooirie) o) = SRV P), 239)
Cre(rie) )= LEELE), (2.40)
§o(r ;) oe) = STP)-SE) 2.41)

s(P)
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2.5.1 Solution identification procedure

The sustainability performance of an industrigjamization can be improved in
many ways. For instance, a corporation may planntamduce a number of new
products, to replace existing energy systems usitegnative energy, to replace some
production lines to improve production rate, to uesl energy consumption and
emission, or any combination of these or othershe Bpproach for technology
identification described below includes two proaedu (i) the one for a single
improvement task, and (ii) the one for a multiplaprovement task. Solution
procedures are introduced below.

a) Procedure for a single improvement task (SIT). Assume that a total &f
candidate technologies are identified, i.€.,= {T1, T, Il and Ty}. A five-step
procedure is given below for identification of &#ichnology sets that can be used to
achieve the economic, environmental, and sociahswaility goals.

Step 1 Generate a complete list of technology sets (@ehas listQ) through
enumerating the combinations Iy candidate technologies. The list contaifs12
distinct technology sets, each of which has aaizg(1 <k <N) and in the form of {,,

Il These sets are numbered in tiecblumn and listed in the"2column of Table

2.3. In listQ, there should b{'n sets containing one technology ea{@lj sets

. . N . . .
with two technologies eachllland [Nj set including alN technologies.
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Step 2 Calculate the total cost required for adoptiagheset of technologies
according to Eq. 2.37. The results should be edtér the & column of Table 2.3.
Note that any technology set, if the total costeexts the budget limiB"™(P), should
be removed from the table.

Step 3 For each set remained in the table, evaludEdT;P)’s and E (T;P)’s,
respectively, using Eqgs. 2.30 and 2.33, and theeref (T;P)’s in the 4" column of
Table 2.3. Note that any set, if the value Bf (T;P) is lower than (1-7.)E*(P)
(where n¢ could be 0.05, for example), should be elimindtedn the table, as it is

incapable of improving the system to the leveltsethe economic sustainability goal.

Step 4 Calculate AV/(T;P) ’s and V/(T;P)’s using Egs. 2.31 and 2.34,
respectively, and ente¥ (T;P)’s in the % column of Table 2.3. If the value of
V;*(T;P) of thei-th technology set is lower thafi-7, V=(P) (where 1, is 0.05,
for example), the set should be deleted from thdetadue to its incompetence of
achieving the environmental sustainability goal.

Step 5 Calculate AL (T;P) 's and L(T;P)’s using Egs. 2.32 and 2.35,
respectively, and entet, (T;P)’s in the 6" column of Table 2.3. Then keep only those
sets in the table whose"(T;P)’s are equal or greater thafi-;, ) (e.g., 0.95) of
LSX(P).

Step 6. Evaluate Si(T;P) using Eq. 2.36, and enter it in th& @lumn of

Table 2.3.
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Note that the technology sets still remained inl@&h3 after Step 5 are those that
can be used to achieve the organization’s sustidityagoals under the preset budget limit.

b) Procedure for a multiple improvement task (MIT). In the case of
achieving multiple objectives, the total budget itim "”‘(P), should be set first.

ot

Assuming that M objectives are defined, a solusearch procedure is proposed below.
Step 1 For each objective, run the above SIT procedoredentify the optimal

technology set(s) that are contained in Table 2For thek-th objective, for instance,
the resulting table is name®, ={«,,, & ,,[Mw, s } , Whereay is thei-th technology
set. The total number of technology sets for iGis Note that for a task of M
objectives, a total of M tables are generated, hamg,. @,, (u, and Q,.

Step 2 Generate a complete list of the grouped teclyyobets (denoted as list

Qi) through enumerating all the combinations of thentified technology sets among

M
the M tables; the total number of such combinatisng,, =[]G,. These combined
k=1

technology sets are numbered in tiiecblumn and listed in the"2column of Table
2.4,
Step 3 Calculate the total cost for adopting each gesupechnology set

according to Eq. 2.37. The results should be edtér the & column of Table 2.4.
Note that any technology set, if the total costeexts B!™ (P), should be removed from

the table immediately.
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Table 2.4. Sustainability improvement by combitethnology sets.

Achievable categorized
No. Tech. set Cost sustainability

Econ. Environ. Soc.
1| {ay @y - | BY(TP) | EM(TP) | VM(T:P) | LY(TP) | SY(T:P)
2 | {@ @ -ang | BY(T;P) | EX(TP) | VM(T:P)

Overall
sust.

o'(mpP) | S'(T;P)
Got {%w wZG} BY (T:P) | E¥ (TiP) | V&' (T;P) | LY (T;P) | S (T:P)
M Gy,

Step 4 For each grouped technology sets remained irleTakl, evaluate
AEM(T;P)’s and EM(T;P)’s using Egs. 2.30 and 2.33, respectively, and theter
EV(T;P)’s in the 4" column of Table 2.4.

Step 5 Calculate 4V (T;P)’s and V" (T;P)’s using Egs. 2.31 and 2.34,
respectively, and entev " (T;P)’s in the %" column of Table 2.4.

Step 6 The same type of actions is taken for derivin}j (T;P)’s and
LM (T;P)’s using Egs. 2.32 and 2.35, respectively, and gvwer LV (T;P)’s in the &
column of Table 2.4.

Step 7. Calculate the overall sustainabilitg: (T;P), and enter the results in

the 7" column of Table 2.4.

All the grouped technology sets remained in Tabdlesatisfy the strategic goals
under the budget limits. In general, the techngplagpts demonstrate different
categorized sustainability improvements. The table be sorted in descending order

according to the individual categorized sustaingbiperformance or the overall
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performance at the decision makers’ choice. Thetaguability improvement
percentages calculated using Egs. 2.38 through @aélprovide additional valuable
information for comparisons of technology sets. thWWithese, the industrial
organization should be able to select the mosemed technology set for application.
In reality, the technologies available for an inda$ organization to choose are
normally limited. This makes the computationalusioin search well manageable,

even for a multiple objective problem.

2.5.2 Performance comparison by sustainability cube

The system's sustainability performance usingetgffit technology sets that is
guantified in Table 2.3 (for a single objective)l@ble 2.4 (for multiple objectives) can
be shown using a sustainability cube, which iglfifmtroduced by Piluset al (2010).

As shown in Fig. 2.1, the three coordinates of ¢hbe are labeled by the
composite indices for economic, environmental, sncial sustainability, which are all
normalized. The corner at (0, 0, 0) representsustainability at all that is rare, while
the opposite corner at (1, 1, 1) indicates comptetainability that is ideal. In the
figure, the dot labeled &P) describes the status quo of an industrial systemie the
small solid square labeled 8¥(P) plots the sustainability goal defined by the isitiial
organization. The small cycle labeled &§T;P) shows the sustainability achieved
after adopting theé-th technology set. Each sustainability statuguiantified by three

composite index values shown in the figure. Thod pan help the industrial decision
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makers compare graphically the solutions in theegmized and/or overall

sustainability.
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Figure 2.1. Sustainability cube representation.

2.6  Case Study

The introduced methodology has been successfullgl ts study a number of complex
industrial sustainability problems. In this sentioa sustainability development
problem about biodiesel manufacturing is selectdllustrate the efficacy of the
introduced methodology. In this case, a biodiptait with the production capacity of
8,000 tons/yr plans to identify suitable technoésgifor waste reduction, energy
recovery, and product quality improvement for itskah-catalyzed biodiesel

manufacturing process (see Figure 2.2). The mlaaides to solicit proposals from its
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engineering departments, which should contain recenuded technologies with

detailed sustainability assessment under budgét lim

Methanol —1::D_ 4_»_@—5\:’4:'7 7
NaOH —2 Mixer-2 V-1
M | Pump-1 /I\
ixer-
> 20— Vapor Waste
oil 3—»@ ’ @ ¥ > 12 s :
- |—21—> Biodiesel Product
Heater 18— ! u
Pump-2
Transesterification
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TN X
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3 :1 Biodiesel Purifi
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Water —159 Column /—\—28—> Methanol
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Cooler-1 Liquid-Liquid ] 2 Glycerol
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Gravity
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27— NazPOy

Figure 2.2. Flowsheet of an alkali-catalyzed beéséi manufacturing process.

2.6.1 Technologies and classification

As a response, the engineering departments hadifidd ten technologies
from different sourceszhanget al, 2003;Glisic et al, 2009;Westet al, 2008), which
can be divided into two groups.

Group 1 — Source waste reduction technologiesThe four identified
technologies are: (Tl ; - Separation of methanol in the waste stream fitwerglycerol

purification column and its recycle to the tranegfitaiton reactor, (2J; - Recycle of
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the unconverted oil as part of the feedstock gitetreatment, (313 - Recycle of
waste stream of the glycerol purification columrthe liquid-liquid extraction column
as a washing solvent to replace fresh waster, 4nt, ( - Recovery of solid waste from
the catalyst removal separator as a type of feetili

Group 2 - Energy efficiency and product performanseprovement
technologies. They are: (1)21 - Redesign of product purification sequence,T2) -
Pretreatment of waste cooking oil as a new feed#lst(®) T,3 — Adoption of new
catalyst for the transesterificaiton reactor to rioye the conversion rate, (44 -
Energy recovery from the glycerol purification pess, (5)T» s - Energy recovery from
the transesterificaiton reaction process, and £@) Energy recovery from the biodiesel

purification system.

2.6.2 Sustainability indicator selection

To facilitate the illustration of methodology ajmaltion, a small set of
sustainability indicators are selected from thed@k Sustainability Metrics system
(IChemE, 2002). The economic indices include:\(d)ue addedK;) and (2) Gross
margin per direct employede{). Note that price variation and market fluctuatio
affecting the calculation of the two indices argrssed by interval numbers. The
environmental category has three indices: (1) Taal materials used per pound of
product produced\), (2) Hazardous solid waste per unit value added, @nd (3)

Fraction of raw materials recycled/sf. Uncertainties exist due to production
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fluctuation and feedstock quality variation. IretBocial sustainability category, the
selected indices are: (1) Lost time accident fregye(;) and (2) Number of
complaints per unit value adddd)). The available data for evaluation are insuéinti

and imprecise.

2.6.3 Sustainability assessment

By using the selected sustainability indices, dBsessment results of the status
guo of systenP and the two groups of technologies are listedabld 2.5 and Table
2.6, where most of the results are expressed awvais due to data uncertainty. Then
the categorized sustainability assessment of tbeegs as well as the two groups of
technologies are derived using Eqgs. 2.9-2.11 af@d-2.23; the results are shown in
Table 2.7 and Table 2.8.

For instance, the plant sustainability is quaatifias [0.500, 0.510] foE(P),
[0.393, 0.400] forV(P), and [0.344, 0.350] for.(P) as listed in the & column of

Table 2.7. Note that the weighting factors fofatiént indices listed in thé%column
of Table 2.7 and Table 2.8 are provided by thetplaifhe overall sustainability of the

plant, S(P), evaluated by Eq. (12) is [0.417, 0.425], wherapetersa, 5, andy took

the default value of 1, meaning all are equallyontant.
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Table 2.5. Index-specific sustainability assesgroéthe system
and technologies in Group 1.

Category| Index Sy;tem - Tecr_}Tzlogies_:_T’3Group %1,4
ccon. | B | 0oro | 9620 | Opaoy | 0580 | Gerg)
E) e, | 0450 | 10500, | 10.480, | [0.460, | [0.490,
0.530] | 0.490] | 0.480] | 0.510]

v, | 0400 | 0430| 0.450 [00_21218]’ [gfé%'

E“(‘C/;O”' VA %9?85(%' 0.400 | 0.360 [Oo_fgg]’ 0.370
Vs | 0420 [00_21218]’ [Oo_fgg]’ 0.400 | 0.430

soc. | | 0340 | 0360] | 0.360] | 03%0 | 0.350
L) L, [Oo_ggg]' 0.400 | 0.380 [00_'33;(?]’ [00.§88g],

Table 2.6. Index-specific sustainability assesgroéthe technologies in Group 2.

Category| Index i T Techr_lr(;I:gies iq_jroup 2T2’5 T
ccon. | Bt | o10] | 0600] | %20 | 0is30] | O | 0o0]
© e [ oswo | Bas [ Ta0 T 00 | B2Z0 025

| B0 oo | oaso] Ba0 010 o0
"W | Ve | 030] | 0a00] | 0270 | 030 | 04%0| G

| osso | 0409 TTods 1105010420 o.ng
soc. | 1t | 0ats) | 0as0] | O30 | 040 5oy | 0ae]
O [ oo | Bgee o o0 10409 0375
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Table 2.7. Assessment of categorized sustainabilithe system
and technologies in Group 1.

Weighting Categorized Sustainability Assessment

Category Index Factor P T11 Tio Ti3 Tia
Econ. = a=1 [0.500, | [0.560, | [0.550, | [0.520, | [0.545,
(E) E. a=1 0.510] | 0.575] | 0.565] | 0.530] | 0.560]
Environ. \\;1 E; i [0.393, | [0.418, | [0.428, | [0.403, | [0.410,
V) v2 b3: 1 0.400] | 0.420] | 0.430] | 0.410] | 0.415]

3 =

Soc. Ly =3 [0.344, | [0.366, | [0.380, | [0.342, | [0.358,
(L) L, =1 0.350] | 0.370] | 0.388] | 0.343] | 0.359]

Table 2.8. Assessment of categorized sustainabilithe technologies in Group 2.

Weighting Categorized Sustainability Assessment
Category Index Factor Too To3 Toa Tos Toe
Econ. E; =1 [0.525, | [0.535,]| [0.540,| [0.550, | [0.525,
(E) = a=1 0.540] | 0.540] | 0.545] | 0.555] | 0.540]
Environ. xl E;fi [0.405, | [0.413,| [0.425,| [0.410,| [0.435,
V) V2 b3:1 0.413] | 0.418] | 0.433] | 0.418] | 0.443]
3 =

Soc. Ly =3 [0.375, | [0.343,| [0.390,| [0.393,| [0.355,
(L) L, =1 0.385] | 0.345] | 0.393] | 0.403] | 0.366]

2.6.4 Strategic goal setting

After reviewing the assessment results in Tablés tBrough 2.8, the plant
management set the plant’s goal for the categorizmsthinability to 0.580 foE®"(P),
0.455 forV*(P), and 0.392 fot°A(P), and the values ofg, 7, and/, are set to 0.05,
representing a minimum requirement of 95% goaleament.

The difference between the sustainability goals tue system performance can

be calculated using Egs. 2.14-2.16, which are [@.07080], [0.055, 0.062], and [0.042,

0.048], for 4E™(P), aV'™(P), and AL™(P), respectively. By using the preset
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values for 7, v, and ., the values ofy.E®(P), »V*(P), and 5 L*(P) are,

respectively, 0.029, 0.023, and 0.020. AccordiagEqgs. 2.18-2.20, a technology

based sustainability improvement is needed.

2.6.5 Technology recommendation

The introduced sustainability improvement procedisreexecuted under two

budget constraints set by the plant, i.e.,BTXP) of $300 K for a single objective task

and (2) BI™(P) of $450 K for a two objective task.

ot

Proposal 1 — technology recommendation for soureete reduction The
single objective focused procedure is executed dentify the most appropriate
technology set(s) from Group 1 that includes teigiesT; 1 to Ty 4.

Step 1 A total of 15 candidate technology set& 12 are generated, which are
listed in the 2" columns of Table 2.9.

Step 2 The cost for using each technology set is catedl using Eq. 2.37 and
listed in the & column of the same table. Note that sets 12 arshbuld be removed
since the total cost for using each exceeds thgdiuunit of $300 K.

Step 3 For the remaining 13 technology se#E (T;P)’s and E (T;P)’s are
in turn evaluated using Egs. 2.30 and 2.33, & ;P)’s are listed in the2column of
Table 2.9. Since the values d&&;(T;P), E;(T;P), E-(T;P), E-(T;P), and

EL(T;P) are all less than 0.551 (i.e., (1-0B%P)), the corresponding five
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technology sets must be deleted from the list. sTimakes the list containing only eight

technology sets.

Table 2.9. Sustainability improvement by sourceteaieduction technologies.

Cost for System’s achievable Overall
No. Tech. set tech. set| categorized sustainability _sust.
B(T,P) | E(T:P) | V(T:P) | L(T:P) | S(T:P)
[0.560, | [0.418, | Deleted (environ.
1 {Toad $100K 0.575] | 0.420] | concern)
2 {T1,2} $150 K [(())556552] Deleted (econ. concern)
3 {T13} $50 K [(())555(% Deleted (econ. concern)
4 {T14} $80 K [(())553'53] Deleted (econ. concern)
[0.590, | [0.438, | [0.390, | [0.480,
> {Tow Tt $250K | 06501 | 0.465] | 0.420] | 0.521]
[0.560, | [0.413, | Deleted (environ.
6 {To Togh $150K | 0.615] | 0.445] | concern)
7 {T12 T1 3} $200 K [(())ggg] Deleted (econ. concern)
[0.585, | [0.420, | Deleted (environ.
8 T Tod $180K 0.645] | 0.450] | concern)
[0.575, | [0.430, | Deleted (environ.
9 {Ti2 Tud $230K 0.635] | 0.460] | concern)
10 {T13 T1 4 $130 K [(())ggg] Deleted (econ. concern)
[0.600, | [0.440, | [0.382, | [0.482,
11 T T g $300K 0.680] | 0.483] | 0.419] | 0.539]
12 {T11, T1o T1 4} $330 K | Deleted (cost concern)
[0.595, | [0.423, | Deleted (environ.
13 {T1n Tos Trg $230K 0.675] | 0.468] | concern)
[0.585, | [0.433, | [0.373, | [0.472,
14 {T12 Tra Toa} $280 K 0.665] | 0.478] | 0.408] | 0.528]
15 | {T11, Tap Tis Tigt | $380 K | Deleted (cost concern)
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Step 4 The calculated values of (T;P)’s are listed in the % column of
Table 2.9. Itis shown that,"(T;P), V,*(T;P), V,*(T;P), V,"(T;P), and V,5(T;P)
are all less than 0.432 (i.e., (1-0.0%}P)). Therefore, the corresponding five sets are
not acceptable. This gives only technology sets BloNo. 11, and No. 14 still
remained on the candidate list.

Step 5 For the remaining three technology sets, theeglbof L,(T;P)’s are
listed in the & column of Table 2.9. The values df:(T;P), L,(T;P), and

ElL4(T;P) are all greater than or equal to 0.373 (i.e.,.0BR°}P)). Therefore, these
three source waste reduction technology sets{Tes, T1 2}, { T1.1, T12, T1 g}, and {T1 5,
T13 T14}, are recommended for adoption to improve the esscsustainability to the
level preset by the plant under the budget limit.

Step 6.The overall sustainability valueS(T; P), for each of the three identified
technology sets is listed in th& Zolumn of Table 2.9, which could be valuable fue t
plant management.

Proposal 2 — technology recommendation for enerfficiency and product
quality improvement In this case, six technologies in Group 2, ngniel; through
T, 6 need to be evaluated. The single objective fatypsecedure needs to be executed
again. Among 63 technology set$-[9, 30 sets each costs more than $300K, and thus

are removed from the list. After examining the ues of E(T;P)’s, 10 more
technology sets are deleted. A comparison of thaies of V/(T;P)’s with the

environmental goal leads to elimination of addiéibnine technology sets. Among the



remaining 14 technology sets, five sets are disiigehlafter checking the values of

L(T;P)s.
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Finally nine sets are left on the list (seebl€a2.10); they all can be

recommended to enhance the plant’s sustainabody gnder the budget limit.

Table 2.10. Sustainability improvement by enerffigiency and

product quality enhancement technologies.

Cost for System’s achievable Overall
No. Tech. set tech. set | categorized sustainability| sustainability

B(T;P) | E(T;P) | Vi(;P) | G(T;P) 5(T;P)
1 | {Tos Tod | $140K [(()).'2355]’ [gffg]' [00_'23?11]’ [0.466, 0.509]
2 {TZTQ"S}TZ"" $270 K [(())..(?71(?], [()Oggg]' [Oo_fg(%’ [0.499, 0.550]
3 {TZTE"S}TZ"" $290 K [é)).'ggg]’ Qfg’g]' [Oo_fggl]’ [0.494, 0.550]
4 {TZTE"S}TZ"" $250 K [(()3.'259(?]’ [gfg(%' [OO_Z‘;% [0.491, 0.539]
5 {TZT’?B}TZ"" $270 K [g_'ggg]' [Oo_'gfg]' [Oo_f%' [0.478, 0.531]
6 {TZT’;”B}TZ'S' $260 K [g_'ggg]' [Oo_'gfg]' [00_5’27;‘]' [0.487, 0.544]
7 {TZTE”Q}TZ'S' $280 K [g_'gjg]' [Oo_fgg’]' [00_2171% [0.481, 0.543]
8 {TZT’?B}TZ'S' $240 K [g_'gfg]' [Oo_'gg’g]' [()()_ffef‘]' [0.478, 0.533]
9 {TZT";”B}TZ'S' $230 K [(())_'ggg]' [Oo_'gfg’]' [Oo_fg’ol]' [0.497, 0.553]

Proposal 3 — technology recommendation for sourastereduction as well as
energy efficiency and product quality improvemerit this case, all the improvement
areas are targeted. The task is to identify the# pessible technology combinations

for the plant so that the management can decitleeif want to invest more to achieve

all or not. In this case, the plant sets the butigit, B!™(P), to $450 K.

ot
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To search for technology combination, the MIT page described in the
preceding section is executed. For the two-objediask, running Step 1 gives rise to
two lists of the recommended technology sets. Tdrey @ ={w,,, w,, w3}, Where
Wy ={Ty, Tl @, ={Ty, Ty, Tigb and w; ={T,,,T,5, T} (see Table 2.9), and
Q, ={w,,, w,,,Mw,.} , where the nine technology sets,('s) are listed in the second
column of Table 2.10. The lisQw:, is generated in Step 2, which contains 27
combinations (see thé2column of Table 2.11). After calculating the cést using
each combined technology sets, only three out afegtiire the cost less than $450 K
(see the 8 column of Table 2.11). By using Eqs. 2.33, 24dd 2.35, the values of
EY(T;P), V" (T;P), and L' (T;P) for the combined technology sets, No. 1, 10, and

19, are derived, which are entered in tHe & and &' columns of Table 2.11. The

overall sustainability levels for the three ar¢ddsin the ¥ column of the same table.

2.6.6 Solution comparison

Different from Proposals 1 and 2, for which thetainability goals are preset by
the plant, Proposal 3 is developed with no spedfistainability goals pre-specified,
because the plant wants to review the detailechmadiility improvement levels for a
given budget. The three identified combined tetbuny sets shown in Table 2.11 are
compared using Egs. 2.38-2.41; the sustainabififgrovement analysis, together with

the costs for technology adoption are summarizédalrlie 2.12.
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Table 2.11a. Sustainability improvement by coretitechnology sets
for two objectives.
Cost for | System’s achievable categorized Overall
No. Tech. set tech. set sustainability sust.
8"(rP) | E'(TP) | V" (P) | C'(T;P) | §"(T:P)
1 {T11, T1 2}, $390 K [0.645, [0.483, [0.434, [0.528,
{T25 To6 0.745] 0.540] 0.501] 0.605]
{T11, T12},
2 : : 520 K | Deleted (cost concern
{T21, T2 Tos} $ ( )
{T11, T12},
3 : : 540 K | Deleted (cost concern
{T202 To4 Tos} $ ( )
{T11, T1 2},
4 : : 500 K | Deleted (cost concern
{T23 To4 Tos} $ ( )
{T12 T12},
5 : : 520 K | Deleted (cost concern
{T23 Tou Tog $ ( )
T11, Ta g}
6 {Tiy Todh, 510 K | Deleted (cost concern
{T21, Tos Togt ¥ ( )
{T11, T12},
7 : : 530 K | Deleted (cost concern
{T22 Tos5 Toe $ ( )
T11, Ta g}
8 {Tiy Todh, 490 K | Deleted (cost concern
{T23 To4 Tog s ( )
T11, Ta g}
9 {Tiy Todh, 480 K | Deleted (cost concern
{T24 Tos5 Toe $ ( )
{T11, Too T1 3}, [0.655, [0.485, [0.426, [0.531,
100 ", g | 340K 0775 | 0s58] | 0500] | 0.622]
{T1i1, Tao Ta g},
11 : : : 570 K | Deleted (cost concern
{T21, T2 Tos} $ ( )
{T1i1, Tao Ta g},
12 : : : 590 K | Deleted (cost concern
{T22 To4 Tos} $ ( )
{T1i1, Tao Ta g},
13 : : : 550 K | Deleted (cost concern
{T23 T24 Tos} $ ( )
{Ti1, Tao Tag},
14 : : : 570 K | Deleted (cost concern
{T23 To4 Toe} $ ( )
{Ti1, Tao Tag},
15 : : : 560 K | Deleted (cost concern
{To1, To5 Toe} $ ( )
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Table 2.11b. Sustainability improvement by combditechnology sets
for two objectives (cont'd).

sustainability performance data are plotted in Ei§, which depicts the system’s status

Cost for | System’s achievable categorized Overall

No. Tech. set tech. set sustainability sust.
a(re) | () | v (P) | D) | §°(TiP)

16 {{Tl'lzlz -.II-.1225 -I'I-'lzz}} $580 K | Deleted (cost concern)

17 {{Tl'lzlg -.II-.1225 -I'I-'lzz}} $540 K | Deleted (cost concern)

18 {{-I|-12t -.II-.1225 -I'I-'lzz}} $530 K | Deleted (cost concern)

19 0 e" | $420K | G760l | osss | oase | oern]

20 {{Tl'lzzl -l'l-'lzi '_||'_124;}} $550 K | Deleted (cost concern)

21 {{Tl'lzzz -l'l-'lzi '_||'_124;}} $670 K | Deleted (cost concern)

22 {{Tl'lzz -l'l-'lzi '_||'_124;}} $530 K | Deleted (cost concern)

23 {{Tl'lzi, -l'l-'lzi %‘g} $550 K | Deleted (cost concern)

24 {{Tl'lzzl -l'l-'lzz %‘g} $540 K | Deleted (cost concern)

25 {{Tl'lzzz -l'l-'1235 %‘g} $560 K | Deleted (cost concern)

26 {{Tl_lzz -I'I-'lzi -I.I-.lz‘;}} $520 K | Deleted (cost concern)

27 {{Tl'lzi '_|I'_123; -I.I-.lz‘;}} $510 K | Deleted (cost concern)

To further help the plant management in technologglection, their

quo §P)), its goal (0.95"P)), and the minimum achievable sustainability leviey

the combined technology sets-(T;P), SL(T;P), and S4(T;P)).
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Table 2.12. Sustainability improvement perceategmparison
Cost System sustainability improvement (%)
No-| Teehset | grme) [Elre) [vrre) | Lre) [ 570
{T11, T2 2}, [26.5, [20.8, [24.0, [24.2,
Ll e Ta | 80K ug0] | 37.4] | 456 | 45.1]
{T1y Tio Tagh [28.4, [21.3, [21.7, [24.9,
10, Ta | 340K s50] | a20] | 453 | 492
{Ti2 Tis Togh [25.5, [19.5, [20.3, [22.6,
Ve g | 320K 500 | 207 | a22] | 465
1
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Figure 2.3. Sustainability performance of systeambined technologies,
and strategic goals.
2.7 Discussion

The solution approach adopted in the introducethatmlogy is essentially an

exhaustive search approach. Therefore, the so(s)iadentified should be guaranteed
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optimal. We all know that such a solution approechot preferred when a solution
search space is huge. However, this is not arei$su solution identification for
sustainability improvement through adopting limitedhnologies. Note that for most
industrial problems, the identified technologies atways for specific purposes; thus
they can be divided into a small number of purpogged groups (practically no more
than 10). In each group, the number of technologiydidates is usually not large
(rarely more than 10).  Therefore, the numberotiditgon candidates in each group is
in the range of 1,000 or so, and the total numibesotution candidates for all groups
will be simply an addition of those in all groupsMoreover, when evaluating solution
candidates using the procedure for single or meltgbjective tasks, those candidates
with the costs beyond the given budget will be idragely removed from the candidate
list. Only the remaining candidates will be reedirfor economic sustainability
satisfaction checking. Again, only those candislat@pable of making the process to
meet the economic sustainability requirement wdlkept. This further shortens the
candidate list, which will be used to examine theapability of meeting the
requirements of environmental and then social sadity. Note that the
computations involved in each step of checking amdy algebraic calculations.
Therefore, it is certain that for any industriaphpations involving a few technology
groups, each of which has 10~15 technology candidtte computational time using a
usual personal computer should be no more thaw adeonds.

It is possible that for an industrial problem, etecution of the solution search

procedure does not generate any feasible solutidrhis is mostly because the
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sustainability goals set by the industrial orgati@a are not achievable by the
technology candidates. In this case, the industrnganization should reset its goals
more realistically. The other possible reasonnfrsolution is the budget limit that is
too low; this will eliminate some effective techagl sets before being evaluated for
sustainability improvement. In this case, the argation should consider a possibility
of raising the budget limit.

Note that for an industrial organization seekimngtainability improvement of
their systems, a commitment on capital investmeraiways required. The proposed
methodology can then be used to provide recommemdabn technology adoption.
Each recommendation will include a detailed analysi the categorized and overall
sustainability improvement levels. In this worklya few widely used indicators are
selected from the IChemE Sustainability Metricst8ys for the illustration purpose.
In real application, an industrial organization wsldo carefully select sustainability
indicators. For instance, in the economic sushalitya category, it may include
indicators related to the return on investment,réeprofit after tax, etc. In the social
sustainability category, the indicators relategbto creation and the amount of tax paid

could also be included.

2.8 Chapter Summary

Numerous technologies have been developed forovipy energy and material

use efficiency, reducing source waste, ensuringgs® safety and health in production
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systems. These technologies, before adoption, Idhbe evaluated carefully by
sustainability metrics in order to ensure that exystsustainability performance be
improved cost-effectively. Note that the availallata and information about the
industrial system and technologies are frequemnttpimplete, imprecise, and uncertain.
This can make technology identification very digflic In this chapter, we have
introduced a simple, yet systematic interval-pat@meased methodology for
identifying quickly superior solutions to improvedustrial system’s sustainability
performance. The interval-parameter-based infaonat processing and
decision-making method is capable of processingistantly and effectively a variety
of uncertain information. The logically designesusion identification procedure can
make the combinatorial problem to be solved effitiethrough reducing the solution
space stage-wisely using different criteria setthg industrial organization. The
derived solutions are sufficiently detailed whichncgreatly facilitate the industrial
organization to make decisions on technology select This general methodology
should be applicable to the study on sustainabdititancement problems of any size

and scope.
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CHAPTER 3
SUSTAINABLE STRATEGIC PLANNING FOR REGIONAL BIODIES EL

MANUFACTURING UNDER UNCERTAINTY

Biodiesel, a clean burning alternative fuel, can b®anufactured by
transesterification of feedstock (e.g., vegetableand animal fats) with alcohol (e.g.,
methanol or ethanol). A variety of biodiesel mamtfiring technologies have been
developed, such as those alkali or acid catalyaed,non-catalyzed under supercritical
condition ghanget al, 2003; Santanet al, 2009;Westet al, 2008;Glisic et al, 2009;
Apostolakouet al, 2009). Adoption of these technologies depeadsgely on regional
feedstock availability, fuel demand, manufactur@ogt, transportation cost, regulations,
etc. In the past decade, about 190 biodiesel plaate built in more than 40 states in
the U.S., with a total manufacturing capacity ofowahb 10 million tons per year
(biodieselmagazine, 2012). Nevertheless, a resmemney shows that many biodiesel
plants in different regions are either idle or aperated below its design capacity,
because the production could not be economicalktified (American Soybean
Association, 2010). On the other hand, tens of pkmts are under construction in
many states in the U.S. due to the availabilityrefewable resources as well as
increasing demands on fuels (biodieselmagazine?)201t is predicted that the U.S.
biodiesel manufacturing capacity will be furthercresased. Apparently, biodiesel
production must be carefully planned in order toemt#he goals of manufacturing

sustainability.



62

Strategic planning for biodiesel manufacturing lisahout selection of suitable
manufacturing technologies and determination ofdpotion capacities in different
regions, when feedstock and biodiesel demand aosvikn Naturally, sustainability
assessment of manufacturing technologies is tisé tiisk. Zhanget al. (2003) and
You et al. (2008) conducted detailed economic evaluationsseferal biodiesel
manufacturing technologies. Othmaet al. (2010) introduced a modular-based
sustainability assessment approach for procesgrdeshich was used to compare two
biodiesel processes (alkali-catalyzed versus neslyzaed with supercritical methanol).
In their approach, the net annual profit and tlsealinted cash flow rate of return were
used to estimate economic sustainability, the Epatential environmental impact (PEI)
evaluation method (Younget al.,, 1999) was adopted to evaluate environmental
sustainability, and a number of soft quality indica, such as safety, operability, and
local demand satisfaction, were utilized to assessal sustainability. Let al. (2011)
extended the approach of Othmenal. by incorporating exergy analysis (Basdlal,
2010 (a and b); Yet al, 2004) and inherent safety analysis (Heikkild@9)9into the
assessment of two alkali-catalyzed biodiesel pseEss Note that in those known
studies, uncertainties associated with feedstoelahulity, regional product demands,
transportation, etc., were not considered in soghiity assessment and
decision-making. Note that in the study of strateglanning of regional
manufacturing, those and other uncertainties meistdcounted property.

Uncertainties can be normally classified into tvabegories: the aleatory and the

epistemic uncertainties (Parry, 1996). The algatancertainty is referred to the
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variations associated with physical systems ani@renvironment; it is objective and
irreversible. By contrast, the epistemic uncettais carried due to lack of knowledge
and/or information; it is subjective and reducibl&he uncertainties encountered in
strategic planning can be either aleatory or epigte

A variety of mathematical and computational intgthice methods are available
for uncertainty handling, such as those by resprtio statistical theory, fuzzy
mathematics, and artificial intelligence. For arste, Probability Bounds Analysis
(PBA) (Tuckeret al, 2003) is a method extended from the probabiligory (Moore,
1966). It expresses uncertainty using a probgkiax (or p-box) approach (Ferseh
al., 2003), where a p-box represents a range ofilalision functions. The method can
provide a balance between the expressiveness ofeaspn and computational
efficiency (Walley, 1991). Note that since the itaglity of distribution functions is a
requirement, and modeling of uncertainty propagaisoa real challenge, PBA methods
become not suitable in the study of many typesrategic planning problems.

Fuzzy logic and fuzzy programming based approaches attractive in
formulating and manipulating epistemic uncertastiwhere rigorous logics are used to
deal with fuzzy information that are difficult toompute using conventional
mathematical methods (Pilust al, 2009). The solution derivation process is ugual
transparent, which makes solution reasoning easymderstand. Note that, however,
decision quality is largely affected by the defniis of fuzzy sets and fuzzy numbers,
where subjective judgments are used to a largenextecause of lack of sufficient

qguality data. Apparently, poor judgments couldde&imental to decision quality.
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Information Gap Theory (IGT) (Ben-Haim, 2006) idaarly new method for
expressing uncertainty and making decisions whdny the best guess for a specific
guantity is available (Ben-Haim, 2005). An infopges a disparity between what is
known and what needs to be known in order to makesponsible decision. It has
some engineering applications (Ben-Haim, 2005; Hinet al, 2010). However, the
mathematics of IGT is complicated and appears ta distraction from some important
goals of modeling decision problems directly (Gatnz009).

Interval Parameter (IP) based uncertainty handsran interesting approach, by
which parameter uncertainties are expressed bgvaltaumbers, each of which has the
lower and upper bounds; it does not need any databdition information (Xia Det al,
1997). This type of approaches could be of grestga for various sustainability
assessment and decision-making tasks, where nalghtp function is derivable from
the accessible data and no subjective judgmentxiensively needed. This is
particularly true for the strategic planning basktision-making, since the accessible
data are usually limited and uncertain, data rarajgsarameters are known, but not
data distribution (Piluset al, 2010).

In this chapter, we introduce an interval-paramptegramming (IPP) based
strategic planning methodology. By this methodgldbe sustainability performance
of biodiesel manufacturing technologies can be tdated as an integral part in a
decision-making framework, and the IPP-based opatron can generate an optimal
strategic plan for regional biodiesel manufacturungder a variety of uncertainties.

The remainder of the chapter is organized as falowNe first define the scope and
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objective of strategic planning for sustainableioegl biodiesel manufacturing and
describe the basic approach for organizing thesamtimaking. Then, the general
definition of an interval number and the algoritenaiperations of such numbers are
introduced. With that, a set of interval-paramdt@sed formulations are given for
three-pillar-based sustainability assessment. rAftese, an IPP-based optimization is
developed by integrating the sustainability perfance of biodiesel manufacturing
technologies into the optimization formulation, @hd solution identification procedure

is given in detail. The efficacy of the proposeéthodology is illustrated through

investigating a strategy identification problem fmodiesel manufacturing in the state
of Michigan.  Finally, we will conclude the sigraince of the developed

methodology.

3.1 Strategic Planning: Task Definition and Basic pproach

The task of strategic planning for regional biodiemanufacturing can be stated
as follows. As shown in Fig. 3.1, a defined gepbia region,O, has a market
demand ofM tons of biodiesel annually for the followiryyears. In this region, the
types of feedstock and their annual availability different areas are known. In
addition, the biodiesel product distribution cestar different locations of the region
are known, which reflects local biodiesel demandgloreover, it is known that there
are Nt technologies feasible for manufacturing biodiasghg the available types of

feedstock in the region. A strategic planning tasko develop a plan for biodiesel
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manufacturing that can meet the market needs, @mdodstrates the best possible
short-to-long-term manufacturing sustainability. ofd specifically, it is required to
determine which technologies should be used, howynmants should be built and

where, and what the production capacity for eaahtghould be.

Legend
|:| Biodiesel demand

JAN Soybean production

<> Waste cooking oil
provider

Figure 3.1. Strategic planning of regional biodlesanufacturing.
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Techrﬂcal info. Non-technical info.
Process simulation Information
and analysis classification
Sustainability modeling Econ/environ/soc. datg
and data tabulation interval parameterizatiop

olL >

Sustainability Assessment

1l ®

Optimization model (— Optimization constraint
development definition

]

Optimal solution
identification

Il

Optimal strategy

J7

(@ Models of process variables (see Table 3) and process safety
data (see Table 1)

(@ Total numbers of pre-selected potential plants; prices of
materials, energy, products, transportaton cost, efc.;
environmental regulations, policies, etc

(® Pre-selected potential plant locations; feedstock awiifiaat
each potential plant location; Biodiesel demand in theistud
region; land availability, facility size and scale constta (for
identification of the upper limit of single plant capacity)
requirement on sustainability performance.

Figure 3.2. Strategic planning structure of regidnodiesel manufacturing
under uncertainty.

Such a strategic planning should be conductedsystematic way. Figure 3.2

shows how the multiple tasks for planning solutidantification are organized. As
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stated, strategic planning is an uncertainty-bgaroptimization problem. This
optimization task depends on the sustainabilityess®ment of manufacturing
technologies. In order to assess quantitativelg #gustainability of biodiesel
manufacturing technologies, three-pillar-basedaeslishould be selected first, and all
the information and data called by each indicatooutd be collected. Note that
uncertainties are always associated with the deldemformation and data. Therefore,
uncertain data must be processed by the intervahpeter-based approach. After
obtaining the general sustainability status ofratsgic plan, its overall sustainability is
then set as the objective function of the optimaamodel, and the constraints can be
specified correspondingly. Due to the appeararidaterval-based parameters, such
the optimization is an interval-parameter-based gmmming. Finally, this
optimization is solved and the best strategy fostanable regional biodiesel

manufacturing can be recommended from the optiolatisns identified.

3.2 Data Needed

As the initial task of the strategic planning, #hreategories of data should be
provided, namely: (1) the technical data about t®cesses using different
manufacturing technologies, (2) the non-technieahcbout the “environment” outside

the processes, and (3) the potential plant location
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3.2.1 Technical data

Data in the first category are those directly dateed by the biodiesel
manufacturing processes, for instance, the unittalapost, source waste generation,
process operating condition, raw material andtigfi usage, product and by-product
guantities, etc., which can be obtained througltgse modeling and simulation. Note
that some technical data are varied with the chavfgeroduct capacities. Thus,
relations between those data variables and theuptodapacities should also be
identified carefully. Normally, uncertainties anet associated with the data in this

category.

3.2.2 Non-technical data

The second category of data is mainly for evalgatimarket-based economic
criteria, regulation-based environmental standaaasl social sustainability concerns.
For instance, the feedstock availability, price feédstock and products, etc., that
directly affect the economic performance of thatstyic plan; the waste discharge
permit, regulations on chemical hazard and toxicétc., that highly restrict the
environmental performance; and those related tolement situation, health and
safety at work, community benefits, stakeholderceons, legal actions, etc., that are
mainly concerned when evaluating the social perforoe. Note that for strategic

planning, the trend of those non-technical datatnimes predicted over the year of
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interest. It is obvious that for those non-techhiactors listed above, the relevant
parameters should be mostly quantified by intervalker than deterministic numbers.

Details about the interval-parameter-based unegytarocessing will be given later.

3.2.3 Potential plant locations

The determination of plant location (or manufactgrsites) is a significant part
of the strategic planning. In order to practice tiptimization-based decision making,
a number of potential locations should be selertgilly. A number of factors, such
as geographical needs of biodiesel and feedstocklahiuity, and geographical
constraints, if any, should be considered. Thée, potential plant locations for
biodiesel manufacturing within the given region dam pre-selected based on such
principles like proximity to low cost feed stocksidato major biodiesel markets,
geographical area limits, transportation infradtices (rail and road access), availability
of skilled process plant labor, priced utilitiesidaexisting industrial facilities (Rural
Enterprise Management company, 2006). Note tHtdrent potential plant locations
may be suitable for using different biodiesel mactdring technologies due to

feedstock availability specifics.

3.3 Interval Parameter Based Uncertainty Processing

In strategic planning, the uncertainties are entsyved when evaluating the
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sustainability performance of manufacturing tecbgas. This is because the
performance is determined by many types of timéawawvariables of the non-technical
data. For instance, the prices of raw materialastev treatment cost, forthcoming
regulations on emissions, policy, safety standasthkeholders’ expectation, etc.
Clearly, such predictions have no data distributrdormation feasibly available. It is
thus very reasonable to express the uncertainnrgton by intervals.

By the interval-parameter-based approach, a piecaaertain information can

be expressed as an interval number, specified éyotlier and upper bounds. Let

be an interval number, and expressed as:

X =[x, %], 3.1)
wherex" andx” are real numbers andk" < x”. Note that ifx" equalsx’, then X
becomes a deterministic number, which means nortamaty involved, and thus can be
written asX. Thus, the definition in Eq. 3.1 applies to thetedministic number as a
special case.

Let symbol DD[+,—,x, +] present a binary operation on interval numbers.
According to Xiaet al., (1997) the algorithmic operations of two intervalmbers,
X and Y, are defined as:

X 0¥ = [min{x Oy}, max{x Oy} ; xt<xs ), yrsysy (3.2)
Note that the above definitions are applicableht® operations between an interval
number and a deterministic number, as well as twevo deterministic numbers,
since a deterministic number is a special casenaht@rval number. In the following
text, every interval number is symbolized by a alle with a bar above, and the

operations of interval numbers will follow the defion in Eq. 3.2.
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3.4 Sustainability Assessment Using Interval Basddformation

Successful development of a strategic plan for ridigied biodiesel
manufacturing in regions requires systematic andnprehensive sustainability
assessment on manufacturing technologies as wiikascombinations. In this work,
the triple-bottom-line-based sustainability assess#ims applied, which requires the
identification of three sets of sustainability niegr i.e., set&, V, andH, which can be
used to characterize economic, environmental, acthlsperformance of a system of
interest. Each metric set may contain one or modecators, where the general
methodological frame on metric selection and assest can be found in Liet al
(2012). Since this work is focused on biodiesel nafacturing, a specific
sustainability assessment scheme extracted fratecestudies (Zhargt al, 2003; You
et al, 2008; Othmaret al, 2010; Liet al, 2011) is given in the following section.
Certainly this specific assessment scheme can tended by following the general

framework by Liuet al (2012) in case necessary.

3.4.1 Economic sustainability set

The Net Profit Analysis (Peters and Timmerhaus 1) 9@&s been widely used as
a well acceptable approach of economic assessnieindostrial systems, which is
adopted in this work to reveal the economic perfomoe for strategic planning over a

short-to-long-term.  To conduct the Net Profit Aysa$ of a strategic plan, a complete
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procedure should be implemented by following theelsteps below.
Step 1.Estimate the total capital investmerii,() for each plant. The total

capital investment of a plant can be obtained hydooting an item-based evaluation,

where the detailed items to be quantified aredigteTable 3.1.

Table 3.1. Estimation of total capital investmehplant R.

ltem Equation

NC
Total bare module cosT§,,..) Tovee = 2.Cs

i=1
Contingency feeC;. ) C. =0.18T,,cc
Total basic module cost,,.) Teve = Tomee + Cr
Auxiliary facility investment A, ) | Ay =0.3 X Tgye
Fixed capital investmentr(, ) Fo = Tove + A4
Working capital investment, ) W, =0.15F;
Total capital investmentT(,, ) T, = Fy + W,

In the above tableC; ($) is the capital cost of the i-th process equphand\; is the
total number of process equipments. Note that eafhis determined by the plant
capacityx;.

Step 2 Estimate the interval-based net annual profierafaxes m) for
each plant. Table 3.2 shows the detailed itentsetquantified. Note thaf,, used

by Table 3.2 is provided by Table 3.1.
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Table 3.2a. Estimation of net annual profit aféeres of plant P

Item Equation
— —_— Nr .
Total raw material costQ, ) C,=> RN
=1
Operating labor charge€() C, =20x +4.2x10°
Supervisory and clerical labor chargés, } C,=015C,
Nm pr—
Utilities Cost (C,) C,=> P'[A:
m=1
— _ Ng
Waste disposal cosCy) Cs =) W, [A
g=1
Maintenance and repairs cosl() Cs =0.06F,
Operating supplies cos€() C, =0.15C;
Laboratory chargesQ;) C, =0.15C,
o 8
Total manufacturing cos(g; ) 0 = ZCi
i=1
Patents and royaltie<(, ) C,, =0.03C,
Total direct manufacturing cos€(,) C,,=C,+C,
Overhead, packaging and storage char@gs)( | C,, =0.6(C2+CS+C6)
Local taxes C,;) C,; =0.015F
Insurance costQ,,) C,, =0.005F,
Total indirect manufacturing cos€(;) C;=C,+C,;+C,
Annual depreciation chang€(;) C, =0.1F,
Administrative costsC,,) C,; =0.25C,,
Transportation costQ,,) C,, =[xk Eﬁfi,j [D, ;+d;, D, k)

Research and development charg@g

o

Il
o
o
ke

Total general expense€y,)

Total production costC,,)

Oll 01,0
1
O
+
Ol
“

Ol

= 611+ CistCpet 620

N
[y

Revenue from biodiesel and byprodud®,)

Np_
C,,= P« CAR

k=1
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Table 3.2b. Estimation of net annual profit attetes of plant Rcont'd).

Item Equation
Net annual profit C,;) C,;=C,-C,,
Income taxesC,,) C,, =0.5C,,
Net annual profit after taxeSNAPAT) NAPAT=C,,

In table 3.2a and 3.2bA", A, and A, are the amount of the I-th type of raw

material, the u-th type of utility, and the g-tlp&yof waste, respectively.

Step 3 Calculate the net profit over the total life trasegic plan, E(SP). The

value of E(SP) can be calculated using Egs. 3.3 through 3.8:

E(SP)= R(SP)+ R(SF)- R(SP)- R,(SP) - R(SP) 33)
where

R(SP)=3 021, (R) @4

R(sF)= 3.1 (2 NAPAT(R) + o (7) @)

R.(F)= 30151 Fy (7) (3.6)

R(8F)= 2.1 R (P) 3.7)

R(SF)= 0.1 (F, (R) @9)

i=1

Rl(SP) () is the land, salvage, and working capital vecy at the end of the plant

project, ﬁz(SP) (%) is the interval-based total net profit of plants overZ years of
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interest, R,(SP) ($) is the working capital investment of all pIs,an4(SP) (%) is the
fixed capital investment of all pIantsF,?s(SP) (%) is the investment of land by all plants,
N is the total number of plantd, is a binary variable representing the existenahef
i-th plant, F,(P) is the fixed capital investment of the i-th bicské plant, and
m(l?) ($/yr) is the interval-based net annual profieataxes of the i-th plant.
Note that F_ (R) is determined by the corresponding plant capacity,and
the plant existence,, (see Table 3.1), andm(ﬁ’) is determined by the
corresponding plant capacity , and the plant existencd,, transportation schemes,
f.;and d,,, and the interval-based price and cost informatigh,P,',R> W, (see
Table 3.2), wherex (ton) is the capacity of the i-th plant, ; is the percentage of
x manufactured by the feedstock from the j-th feedstprovider, d,, is the

percentage ofx distributed to the k-th demand markeR, P!, and P> ($/ton)
are the interval-based unit price of the I-th tgbeaw material, the m-th type of utility,

and the p-th type of product or by-product, respebt, and V_Vg ($/ton) is the

interval-based unit cost for the treatment of tké type of waste.

3.4.2 Environmental sustainability set

To represent the environmental impact by the bemienanufacturing, three

indicators regarding the waste generation, raw n@teonsumption, and energy
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consumption, are selected as the environmentahisasility set. Thus, we have
v={\V.\V,\V}.

Indicator 1  Potential environmental impad¥,(), which is quantified by using
EPA's WAR algorithm (Youngt al, 1999). The algorithm is designed to evaluate the
environmental impact at the manufacturing stages this suitable for environmental
impact assessment at the design stage for futucaroent chemical processes (Othman
et al, 2010). By the WAR algorithm, the potential emvimental impact (PEI) of a
strategic planSP, can be quantified by using Eqgs. 3.9 to 3.11. e&xmhx A provides

more detailed information about this PEI calculatio

— N -

Vi(sP) =Y ([)(r)+12(R)) (3.9)
i=1

where

_ 8 Ng N

Iv(vcep)(l:?)zz ZAJCAgaA (3.10)
a=1p=11=1
8 Nw

I\Eveep)(P):zsz o (3.11)
a=1yp=1

I(P) and 1(P) are the mass and energy based PEI of the i-th, pspectively;
A, (kg) is the amount of ther -th waste material stream, which is determinedhey t
plant capacity,x; c, (kg/kg) is the mass-based chemical compositionhef A -th

chemical component in the waste streal);, (PEI/kg) is the normalized value of the

specific potential environment impact of thee-th chemical component associated with

impact categorya; G, (J) is the amount of the/-th energy stream consumed,
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which is determined by the plant capacity,; a,, (PEI/J) is the normalized value of
the specific potential environment impact of thieth energy stream associated with
impact categorya ; and N,, N,, and N, are the total number of the waste material

streams, the chemical components, and the cons@meryy streams, respectively.
Note that for most of traditional chemicals, thgiecific potential environment impact
values are defined by EPA as certain values. Hewethe specific potential
environment impact value of some special chemiffalsinstance, biodiesel) has not
been well identified due to the incomplete data emfiormation. For those chemicals,
we define their PEI values in interval-based nuraber
Indicator 2 Material efficiency by biodiesel manufacturiny,§, which is

defined as the ratio between the amount of totalmeterial used and the total amount
of product produced. The formula for calculativg on a strategic plargP, is given
in Eq. 3.12.

N,

D

V,(SP)= 1 (3.12)

where N, is the total number of raw material types, (ton/yr) is the amount of the

I-th raw material consumed, amdl (ton/yr) is the total annual biodiesel demandhe t

region. Note that there is no uncertainty considén the evaluation o¥,(SP), and
VZ(SP) is determined by the corresponding plant capaciy,

Indicator 3 Energy efficiency by biodiesel manufacturing,), which is
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defined as the ratio between the total amount @rg@nused (GJ/yr) and the total
amount of product produced (tons/yr). This indicas quantified for a strategic plan,

SP, using Eq. 3.13.

V,(P)=<l—, (3.13)

where g, is the amount of the e-th type of energy usedyigJand N, is the total

number of energy types. Note that there is no iaicey considered in the evaluation

of V,(SP), and V,(SP) is determined by the corresponding plant capacity,

3.4.3 Social sustainability set

In the social sustainability assessment, inherafety H) is a suitable indicator
for representing the most critical issue concerbgdthe biodiesel manufacturing.
Inherent safety of a chemical process can be diexhtiby an index-based approach
developed by Heikkila (1999). By this approach,siib-indicators are evaluated and
combined into the overall inherent safety index fevealing the safety status of a
chemical plant. These sub-indicators can be divitdéa two groups, one takes into
account the chemical inherent safety, and the ahmrp focus on the process inherent
safety. For each sub-index, a scale of scores @wen by Heikkila (1999). The
sum of all the sub-indices scores is the inherafétg index value. Note that the

higher is the inherent safety index value, the morgafely is the process (Carvallaia
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al., 2008).

Table 3.3. List of safety indicators and theirreso

Index Score
Chemical inherent safety index
Sub-indices for reactions hazards
1. Heat of the main reactior() 0-4
2. Heat of the side reactionh, 0-4
3. Chemical interactiong() 0-4
Sub-indices for hazards substances
4. Flammability 0,) 0-4
5. Explosivenessit) 0-4
6. Toxicity (hy) 0-6
7. Corrosivity () 0-2
Process inherent safety index
Sub-indices for process conditions
8. Temperaturelt) 0-4
9. Pressurely) 0-4
10. Safety of Equipmenth(,) 0-5
11. Inventory intensity i) %
10
Total inherent safety index for plant j Zh +hu
i=1

In the above tabley is the interval-based inventory intensity coe#it, x is the plant

capacity, andM is the total demand of biodiesel product in thesgiregion, which has a

value of 50,000 tons/yr in the case study.

The entire set of sub-indicators and the corresppgndcales are specified in

Table 3.3. Note that the 11-th indicator, Inveptdthi), is determined by the

corresponding plant capacityx , and affected by the interval-based fluctuation
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coefficient, VI [1, 1.5]. After obtainingH (R) for each individual plar®;, Eq. 3.14
is used to calculateH(SP) for the complete strategic plargP, by taking the

summation of H(P) of all plants.
N
H(sP)=>1,tH(R) (3.14)
i=1

where ﬁ( i) is the interval-based inherent safety value ofiteplant.

3.4.4 Indicator normalization

The triple-bottom-line-based sustainability indargt defined above are in
different units and scales. For the sake of furtteembining them into a single value
of the overall sustainability, these indicators iddobe normalized. Different from
commonly practicing approaches for sustainabilggemsment where each indicator is
evaluated using deterministic data, we use intdpagked information to conduct the
assessment. Therefore, a new normalization schiemehandling interval-based
information is proposed as follows.

Let © be an interval-based sustainability metric, themaized value of it,

6, , can be calculated by Eq. 3.15 when a higher vialpeeferred byo .

&(sP-mirf@ (T;)" =1,20mN, } (3.15)

On(SP)= max{@ (T, i = 1,20N, }- min{@ (T )"fi =1,2(N, |

where &(T) is the evaluated interval number of a categorizdtainability

performance when a single technologyis used for biodiesel manufacturing in the
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entire region. @&(T)- and () are the lower and upper boundary of the

interval-based value of®(T), respectively. Note that whew is E (economic

sustainability), the normalization in Eqg. 3.8 canlyobe directly used because a higher
value is preferred; however, fafi (Environmental sustainability, = 1, 2, 3) and.

(social sustainability), since a lower value isfereed, the normalization result should
be changed to B, .

After conducting the normalization on those threei®mnmental indicators, the
composite environmental sustainability can be dated by taking the multi-criteria
combination in EqQ. 3.16.

Vo (SP) =2V, (SP)+ bV, (SP)+ Vs (SP) (3.16)
where

a,+th,+¢ =1 (3.17)
V,(SP), V,(SP), and V,(SP) are the normalized environmental indicators, retipely,

and a,, b,, and ¢, O [0, 1] are the weighting factors associated witte t

corresponding indicators, reflecting the relatirgortance of an individual index over

others in overall assessment.
3.4.5 Overall sustainability assessment
The concept of Sustainability Cube introduced Huddiet al. (2010) is used to

integrate the triple-bottom-line composite susthility indexes into an overall

sustainability. By this approach, the followingrfaila is used to derive a normalized
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overall sustainability, namelyS ,for a strategic plarSP.

S(sP) = —=|(Ex(SP), Vi (SP), H(sP)) (3.18)

LiE
J3
3.5 Interval Parameter Based System Optimization

The sustainability performance of biodiesel maotufiang technologies and
their combinations is formulated as an integral rara decision-making framework,
where the IPP-based optimization can generate #imalpstrategic plan for regional

biodiesel manufacturing under a variety of uncettes.
3.5.1 Objective function and decision variables

Since the strategic planning goal is to pursue asuable biodiesel
manufacturing, the overall sustainability is setths objective function, where the

triple-bottom-line aspects are to be maximizedgra#y, i.e.,

Max  S(SP _—H( (sP), H,(sP) (3.19)

Xk fiydy

Note that the normalized economic, environmentadl social sustainability in
this objective function are derived by using Eg8. tBrough 3.17, where three types of
decision variables are involved:

(1) The production capacities of all potential pgamamelyx (i = 1, ..., N),

which are continuous variables.
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(2) The transportation scheme variables, nanigl,= 1, ...,N, andj = 1, ...,
N;) anddix (i =1, ...,N, andk =1, ...,Ny), which are continuous variables.

(3) Binary variables representing the existenceawh plant, namely, (i =1, ...,
N).

Also note that we have three types of interval-agarameters representing

uncertainties in the objective functions, they are:

(1) Interval-based unit price and cost parametamely, P, P, P", and
W, ($/ton).

(2) Interval-based potential environment impact wohdefined chemical
components, namelya, , (PEI/kg).

(3) Interval-based fluctuation coefficieny,.

3.5.2 Constraints

The optimization constraints can be classified sgweral categories regarding
the feedstock availability, demand market satisgdagtsustainability requirement, etc.
Note that interval-based parameters are involvedsame constraints due to the
existence of uncertainties.

Sustainability assessment equationsAs demonstrated in the sustainability

assessment section, the overall sustainabilityhef dbjective function is derived by

using Egs. 3.3 through 3.17. Therefore, thesesassent equations must be involved
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in the optimization constraints.

Limit on the feedstock availabilityfreedstock availability is one major

constraint for biodiesel manufacturing. In thisriothe limited availability of one
feedstock source is expressed by the limit on thetgapacity manufactured by using

this feedstock, i.e.,

N
Zfi,inSFj! j=1,2,---,Nj (320)

i=1

where F; (tons/yr) is the upper limit of the biodiesel puation capacitysuppled by

the j-th feedstock provider, amd is the total number of feedstock providers. Sikce

represents the percentage of plant capacity, staaton by Eq. 3.21 holds naturally.

z

i

f =1 i=1,2,--,N (3.21)

1]

1
uy

]

Satisfaction on the local demand markethe biodiesel products manufactured

by each plant must be distributed to meet the denareach local market, which is

expressed by Eqg. 3.22.

N
>d,% =B, k=12, ,N, (3.22)
i=1

where B, (tonsl/yr) is the biodiesel demand at the k-th losarket and\y is the total

number of demand markets within the studied regiddote that the percentage of

plant capacityd; x, is under the following restriction by Eq. 3.23.

Ny
>d, =1 i=12:-,N (3.23)

k=1

Upper limit on single plant capacity. An upper limit has been set to each
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plant capacity in order to avoid the unreality tgste.,
X <T (3.24)
whereT (tons/yr) is the upper limit on a single plant aaipy.

Requirement on sustainability performanceln a strategic planning, the

decision-maker may assign various requirements loa desired sustainability
performance. For instance, one typical requireno@néconomic sustainability is that
the resulting strategy must make profits. Simylanlequirement can be set to
environmental and social sustainability indicatorShis type of constraints can be

described by Egs. 3.25 to 3.27.

E.(SP>FE (3.25)
V. (SP2V',i=1,2,and 3 (3.26)
Hy(SP)=H' (3.27)

where E", V', and H" is the minimum acceptable value for each sustditab

indicator, respectively.

3.5.3 Solution identification

The optimization model by Egs. 3.3 through 3.2@&nsgnterval-parameter-based
mixed-integer-non-liner-programming. The besttsyy for biodiesel manufacturing,
in terms of the number of plants and their locaion the given region, and the

technology and production capacity of each plaam, lze proposed based on the optimal
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solutions derived. The key for solving this opuation problem is how to handle
uncertainties as interval-based parameters in thetlobjective function and constraints.
The approach by Let al (2006) was adopted and modified in this workdolving the
optimization, where the detailed methodology iegibelow.

Due to the involvement of interval-based paransetire optimal solution of the
objective function should be an interval as welhene the lower bound and upper
bound of this interval are the lowest and highedu& when solving the optimization
along the whole interval ranges. Based on thignqueht, the interval-parameter-based
optimization problem is transformed into two settsleterministic sub-problems, where
the two bounds of the optimal solution can be idiedt by solving each of them
separately. The detailed solution identificationgedure, which contains three steps,
is given as follows.

Step 1 Formulate the sub-model corresponding to theeugmund of the

objective function. This sub-model correspondingSt(SP, can be formulated by

taking the lower bound value on each Bf, B, W,, &,,, and V in Egs. 3.5,

3.10, 3.14, 3.25, 3.26, and 3.27 respectively, tardupper bound value oR"in Egs.
3.5 and 3.15. The sub-model obtained is a detéstiirMINLP, which can be solved
by GAMS. The optimal solutions obtained determiihe upper-bound values of the

optimized objective function S’ (SP) and the associated decision variables, namely,

opt ?

(XiU )opt ' (I IU )opt ' (flul )opt ! and (dluk )opt '
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Step 2 Formulate the sub-model corresponding to theetolound of the

objective function. In contrast to the first suloaiel, the sub-model & (SP) takes

the upper bound value on each Bf , B, W, , &,,,and v in Egs. 3.5, 3.10, 3.14,

3.25, 3.26, and 3.27, respectively, and the lowemid value onP? in Egs. 3.5 and

3.15. Note that among those three types of detiswiables, the plant capacities,
should be guaranteed that their lower bound salsatiare not higher than the upper
bound solutions. Therefore, another technical wamt should be further added into

this sub-model as follows.

X< (%), (3.28)

where (xiu) is the optimal upper bound value of plant capesiidentified by solving

opt
the sub-model corresponding 8)(SP. The sub-model corresponding $(SP is

also a deterministic MINLP, where the optimal swins obtained determine the

optimal lower-bound of the interval for the objeetifunction value,S’(SP),,, and

the associated decision variables, naméiv,)opt, ( .L)opt, (fi’Lj)opt, and (dika)opt N

Step 3 Combine the optimal solutions of the two sub-glednto the complete
interval-based solutions. As stated before, thBnoped solution is essentially an
interval, where the lower and upper bound valuespaovided as the solutions by the
first and the second sub-model, respectively. Tthesinterval-based optimal solution

can be summarized in Eq. 3.29.

S(SP),. =[S (SPhy. .S (5P (3.29)

opt opt !
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The optimal strategies can then be recommendedievthe most optimistic scenario
and the most conservative scenario of the overadtasmability performance after
and S-(sP)

planning are given byS’ (SP) respectively. Moreover, for the

opt opt ?
most optimistic scenario, the plant existence aapacity to be developed at each

pre-selected location by using each technologyh(witlexi) is identified as(x,.U )Opt

and (IV)

Lot» the feedstock acquisition scheme from each pev\idith indexj) to each

plant (with indexi) is given by (fi?j)opt, and the biodiesel product distribution scheme

from each plant (with indeX¥ to each demand market (with indkxis indicated by

(di‘fk)opt. For the most conservative scenario, the plapacity to be developed at each

pre-selected location by using each technologyfebdstock acquisition scheme from

each provider to each plant, and the biodiesel ymbdistribution scheme from each

L

plant to each demand market are identified respeigtas ()gL)Opt, 1 iL)Opt (f! j

(d iL,k )opt '

)Opt , and

3.6 Case Study

The introduced methodology has been used to studyinaber of complex
strategic planning problems for sustainable biceliesanufacturing in various regions.
In this section, a sophisticated case study fromatrategic planning for biodiesel

manufacturing at state of Michigan is selected ltastrate the efficacy of the
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methodology. The objective is to generate a gjratproposal for developing the
biodiesel manufacturing capacity of 50,000 tonsfya given region as shown in Fig.
3.3, where the strategy should provide the besamability performance over the next

10 years.
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O Potential plant location

Figure 3.3. Sketch map of the locations of feedsfwoviders,
biodiesel demand markets, and pre-selected plants.

3.6.1 Problem description

It is known that the entire region of state of Mgdn given in Fig. 3.3 currently
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has a shortage of biodiesel production at the amolu60,000 tons/yr. Now it is to
seek the best possible decisions about how to ladchew manufacturing capacity in
this region. More specifically, strategies aredezbto determine the number of plants
and their locations in the given region as wellheestechnology and production capacity
of each plant. Note that the proposed strateglessred to be fully justified through
sustainability assessment.

The proposed methodology was implemented for shgdyihis strategic
planning problem, where details are given in tHvang sections. The best strategy
was obtained which meets the objective and req@ntsn given by the problem
description. Those results can help decision nsakeridentify desired biodiesel
manufacturing strategies with maximized profits,nimized environmental impacts,

and maximized social benefits in terms of processty.

3.6.2 Biodiesel manufacturing technologies

Four biodiesel manufacturing technologies are takém consideration in this
case study, where the flow sheets are shown regglan Fig. 3.4.

Technology 1Acid-Catalyzed process. This process can genbratkesel by
using waste cooking oil as the feedstock, which &asuch cheaper price than the
traditional feedstock, vegetable oil, required kiheo types of technologies. Acid
catalyst is needed by this technology, which wiluse solid waste generation.

Moreover, the system of this process is not semsit both water and free fatty acids in
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the feedstock (Zhanet al.,2003).
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Technology 2: Alkali-Catalyzed process. This process requiresgiivi
vegetable oil as feedstock for the production ofli@sel. Alkali catalyst is needed by
this technology, which will cause solid waste gatien. The limit of this process is
the sensitivity of the system to both water ane figty acids in the feedstock, which
must be will operated in order to ensure smootllycton (Weset al.,2008).

Technology 3Retrofit alkali-catalyzed process. This process fistrofit of the
Technology 2 by separating water from the liquidstgastream and recycling back to
replace part of the fresh water. In order to midk® modification, another distillation
column should be added and more energy will be woesl for stream separation.
However, after separation, all the resulting streare useful, where no liquid waste
can be found.

Technology 4Non-Catalyzed process. This process requires ablgebil as
feedstock for the production of biodiesel. Howeuvao catalyst is needed by this
technology, which will not cause solid waste getiena Instead, this process requires
a super-critical condition of methanol for the wasterificaiton reaction to happen,
which corresponds to a high temperature and pressand indicates great energy

consumption and potential safety issues (Sargaah, 2009).

3.6.3 Data collection

The technical data, non-technical data, and thentad plant locations are

collected through different ways as follows.
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Technical data. The four biodiesel manufacturing processes armilgited to
collect technical data directly determined by thgsecesses. Note that for those
technical data that are varied with the change midyct capacities, the process
simulation was performed at different productiompaities and data regression was
used to identify their general capacity-variantduons.

Non-technical data. Data about the “environment” outside the procesbat
is needed by the sustainability assessment arehsshiand their trends are predicted
over the next 10 years of interest. Among thosetechnical data, the following are
identified as uncertain parameters, they are:

(1) In the evaluation of economic sustainabilitye tpurchase price of soybean
oil (R"), the sale price of biodiesel produ® ), the cost of waste water treatment by
acid-catalyzed and alkali-catalyzed procéss @nd W, , respectively) due to the EPA's

regulation change, where the interval-based vaoegiven below.

P =[0.88,0.99 $/kg (3.30)
PP =[1.2,1.3 $/kg (3.31)
W, =[0.53,0.59 $/kg (3.32)
W, =[2.65,2.70 $/kg (3.33)

(2) For environmental sustainability assessmente thnclear potential
environment impact value of biodiesel on the sixtipact categories - human toxicity

potential by inhalation/dermal exposure:

a,, =[0.05,015| (3.34)
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(3) For social sustainability assessment, the vatdvased inventory coefficient,

v, is defined in Eq. 3.35.

v=[1.0,15] (3.35)

3.6.4 Potential plant location pre-selection

To simplify the identification of the most suitablecations for potential
biodiesel manufacturing, the whole region giverrig. 3.3 was divided into four zones.
In Zone 1, there is no feedstock for biodiesel nfiacturing and the biodiesel demand is
low at 2,000 tons/yr. For Zone 2, it has a soybewrrefinery, which can supply
10,000 tons/yr biodiesel manufacturing, and thisezbas a biodiesel demand market of
7,000 tons/yr. Zone 3 has a soybean oil refinetyich can supply 25,000 tons/yr
biodiesel manufacturing, and the biodiesel demaartket in this area is 12,500 tons/yr.
In Zone 4, there is a waste cooking oil providehich can supply 4,000 tons/yr
biodiesel manufacturing using acid-catalyzed tetdgy and a soybean oil refinery,
which can supply 25,000 tons/yr biodiesel manufaatt Zone 4 also has the highest
biodiesel demand market at 28,500 tons/yr. Findligre is no geographical area
limits in all zones, and all zones have good nad eoad access.

The principles suggested by Rural Enterprise Mamamt Comparfy are used
to pre-select the potential plant locations in th@®nes. In the consideration of
building biodiesel plants near to the feedstockvigers and the demand markets, no

plants are desired to be built in Zone 1. In Z@rend 3, only Technology 2 through 4
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using soybean oil as the feedstock are desiralfter Zone 4, all the four technologies
are applicable. With those conclusions, three mestesentative cities, i.e., Gaylord,
Grand Rapids, and Detroit are pre-selected frorh ed@one 2, 3, and 4 (see Fig. 3.3),
and the total number of potential biodiesel plais,N, can be calculated as follows:

N =N,+N;+N,=3+3+4=10 (3.36)
whereN,, N3, andN, are the total number of potential plants in Zon8,2and 4, which
each counts all desired technologies in that zomNote that in this case, the waste
cooking oil can only be provided by and consumedZame 4, which requests no
transportation; and the soybean oil providers in&Z8 and 4 are assumed very near to
the pre-selected plant location of each zone, ots@dy, which requests no

transportation between them as well.

3.6.5 Optimization model derivation

The overall sustainability in Eq. 3.19 is set as dlvjective function, where the
decision variables are: (1) the 10 plant capacit@snely,x (i = 1, 2, ..., 10); (2) 10
binary variables indicating plant existende,(i = 1, 2, ..., 10); (3) 30 percentage
variables indicating the feedstock transportateyout,fi; (i = 1, 2, ..., 10, angl=1, 2,
3); and (4) 40 percentage variables indicatingaibdiesel product transportation layout,
dkx(=1,2,..10,ankl=1, 2, ..., 4).

According to the problem description, the folloginoefficients are identified

for constraint formulation in Egs. 3.20 through7.2
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(1) Let F; throughF3 be the upper bound of the production capacity/yion
supplied by the soybean oil provider in Zone 2 tigio 4, and~4 be the upper bound of
the production capacity (ton/yr) supplied by thestgacooking oil in Zone 4. Their
values are then given in Eq. 3.37:

(R, £, F, F,)’=(10000 25000 25000 4000 (3.37)

(2) LetB; throughB, be the local biodiesel demand (ton/yr) in Zonarbugh 4.
Equation 3.38 gives their specific values:

(B, B, B, B,) =(2000 7,000 12500 28500 (3.38)

(3) The upper limit of each plant capacity, namdlyis specified at 25,000
tons/yr in EqQ. 3.24.

(4) Only one sustainability performance requiretmsengiven, which is on the
economic sustainability asking that the net profitbiodiesel manufacturing over the

total life of project cannot be negative, i.&, is equal to 0 in Eq. 3.25.

3.6.6 Best strategy proposal

The optimization problem derived for this case gtiglan interval parameter
based mixed integer non-linear programming (IP-M®IL According to the
three-step solution identification procedure praahghe following results are obtained.

Step 1. Formulate the sub-model corresponding to the wpoeind of the

objective function,S’(SP, by taking 0.9, 1.2, 0.58, 2.7, 0.15, and 1.5 ®F, B,
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W, W,, a4, and Vv in Egs. 3.5, 3.10, 3.14, 3.25, 3.26, and 3.27 eetbely.
Solving the deterministic MINLP sub-model obtaindgde optimized upper bound
solutions of the decision variables are obtainefbiows.

(), = (&), =25000 and all other(x’), =0, (=1,2,..,10)  (3.39)

(1), = (

(1‘5L,Jz)opl = (f&-f,’e,)opl =1, and all other(fif’j)opl =0,

1¥),,.=1 and all other(1"),, =0, (=1,2, ..., 10) (3.40)

(=12, .. 10 anf=1, 2, 3) (3.41)
(dg,l)opl = 008’ (dg,Z)opt = 0'28’ (dgﬁ)opt = 05’ (dg,4)opt = 0'14' (dgﬂ)opt =1’
and all other(ol}fk)opt =0,(=1,2,..,10,and=1, 2, ..., 4) (3.42)

This solution suggests to building the followingot plants: (1) One plant at
Grand Rapids using retrofit alkali-catalyzed tedbgyg with the capacity of 25,000
tons/yr, which uses soybean oil from the proviseZone 3 as the feedstock, and sends
8%, 28%, 50%, and 14% biodiesel products to Gw(aaylord, Grand Rapids, and
Detroit, respectively; (2) Another plant at Detroiith the same capacity and
technology as the first one, which uses soybeafraih the provider in Zone 4 as the
feedstock, and consumes all biodiesel productseitndit.  With this strategy, the total
capital investment will be $10 million, and the risaortation cost will be $0.05
million/yr due to the distribution of biodiesel ghacts. Detailed transportation routes
are illustrated in Fig. 3.5, and the Optimized uppeund sustainability performance is
listed in Table 3.4, which has optimal values d®62, 0.999, and 1.000 for the

triple-bottom-line sustainability performance, &an@87 for the overall sustainability.



100

- —_———_
-
-~
~
~

-
o
-
-

~< o
~—a_ —-——-_

- ~
- -~

Legend
[ Biodiesel demand \

A Soybean oil provider

O Plant to be built

=P Soybean oil transportation route

Figure 3.5. lllustration of the optimized trangjation scheme of the case study.

Step 2 Formulate the sub-model corresponding to theefolaound of the
objective functionS-(SP), by taking 0.88, 1.3, 0.53, 2.65, 0.05, and bOB', R°,
W, W,, a,, and vV in Egs. 3.5, 3.10, 3.14, 3.25, 3.26, and 3.27paetively.

Solving this deterministic MINLP sub-model, the iopzed upper bound solutions of

the decision variables are obtained as follows.

(%), = (xt),, =25000 and all other(x"),, =0, (=1, 2, ..., 10) (3.43)

pt —

(ISL)Opt = (Ig)Opt =1 and all other(l .L)opt =0,(=1,2,..,10) (3.44)
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(fi2 ) = (fes),, =1, and all other (1) =0,

(i=
(dé,l)opl = 008’ (dé,Z)opt = 0'28’ (dé,3)opt = 05’ (dé,4)opt = 0'14' (dfl3_,4)opt =1’

1,2, .., 10, anf=1, 2, 3) (3.45)

and all other(d5 ), =0,(=1,2,..,10,anbi=1, 2, ..., 4) (3.46)

This solution suggests the same two plants and shme feedstock
transportation and product distribution layout e upper bound results. However,
the optimized lower bound sustainability performaigdifferent from the upper bound
values (see Table 3.4), which has optimal value®.8%4, 0.997, and 0.917 for the

triple-bottom-line sustainability performance, &n895 for the overall sustainability.

Table 3.4. Sustainability performance correspogdin
the upper and lower boundary of the optimized dbjedunction.

_ . Categorized Overall
Category Indicator Weight Evaluation sustainability
E'(SP),, =0.962 E'(SP),, =0.962
ECON ) 1.00 | _,
E“(SP),, =0.754 E*(SP),, =0.754
Vv (SP),, =1.000 0.40
V,"(SP),,, =0.995
NV v;:(sp)opt =1.000 0.0 VL:(SP)Opl =0.999 SUL(SP)Opt =0.987
V,(SP),,, =1.000 V(SP),, =0.997| S*(SP),, =0.895
V. (sP),, =0.997
3L( )opt 030
V; (SP),, =0.997
HY(SP),, = 1.000 HY(SP),, =1.000
soc | R roo | H
H"(SP),, =0.917 H"(SP),, =0.917
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Step 3 The solutions of the two sub-models are integgrab obtain the overall

solution for the objective function, which give®timterval in Eq. 3.42.

S(sP),, =[S" (S, .8 (sP),.| =[0.895,0.987] (3.47)

opt opt ?

As a conclusion, although the same optimal plagpmnsuggested for the most
optimistic scenario and the most conservative sogne overall sustainability by this
optimal planning under uncertainties will be withime interval from 0.895 to 0.987,
demonstrating the most conservative and optimigtedictions under the uncertain

information.
3.7 Chapter Summary

Strategic planning for biodiesel manufacturingegions is always a challenge
due to different advantages and disadvantagescbhodogies, inherent uncertainties
and system constraints. A systematic sustainglaiisessment based decision making
methodology is proposed in this chapter for condgcstrategic planning of biodiesel
manufacturing in regions. By this methodology, thest strategy for biodiesel
manufacturing in regions can be identified systécally. The key feature of the
methodology is its system analysis and decision imgakinder uncertainty. The
methodology is general and systematic to applytterstrategic plans of biodiesel and
other types of industrial manufacturing in any cggas states and countries. The case
study on strategies identification for biodieselnmf@cturing in the state of Michigan

over next ten years has clearly shown the efficdapre methodology. The solutions
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obtained can help decision makers to identify @elsimanufacturing strategies with

maximized sustainability performance under uncertiata and information.
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CHAPTER 4
FUZZY LOGIC BASED TRIPLE-ATEMPLATE FOR SUSTAINABIL ITY

ENHANCEMENT

Inappropriate use of energy and materials for itrecaldevelopment in the past
decades have led to serious problems in nonrenewabkburce depletion, and green
house gas emissions and many other types of pragbleffoday, industries are seeking
ways to ensure development to be sustainable. @@waninherent complexity and
uncertainty, however, industrial sustainability pems are always very difficult to deal
with, which has made industrial practice for susdhility enhancement mostly
experience based.

To assist industries in sustainability assessmeshide@cision making in a holistic
way, a variety of methodologies have been developé@dmethodology on identifying
the opportunities of chemical manufacturing proesss order to purse sustainable
development has proposed by Lange (2002). Effosieof both the material and
energy bases are used for evaluating nearly 50 icaeprocesses and those processes
with low performance are identified by comparisonsdowever, the author only
directed possible opportunities by the ideas of¢keg and reuse, where no design
alternatives are generated. Another mass and emehgator-based methodology was
proposed by Uerdingeret al. (2005). By this methodology, several pre-defined
cost-efficiency indicators are first checked forclaemical process, then the critical

points in the process are determined by local seitgianalysis and feasible design
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alternatives are further generated. However, thesesible alternatives are only
compared with each other in terms of economic dspéwr determining the best
alternative, and no design uncertainty was conedléy this methodology. Carvalho
et al. (2008) further extended this approach and intredua process retrofit design
methodology for deriving sustainable design comfigions, but no design parameter
related uncertainty was considered. In additidme tnethodology is limited to
scenario-based decision making, and thus no desigmality was addressed. Piluso
et al. (2008) introduced a sustainability assessment adetbgy through extending an
existing Ecological Input-Output Analysis (EIOA)@pach (Bailyet al, 2004). The
methodology is capable of quantitatively evaluating sustainability level of industrial
systems when different system enhancement strategie implemented. It is
particularly applicable to large industrial systersach as industrial zone problems.
However, as decision-making is concerned, it redieshe availability of scenarios.

In this work, we introduce a sustainability enhaneat methodology where
certain types of uncertainties can be handled syaieally. This methodology, by
resorting to fuzzy logic, is featured by the usesofcalled Triple-A Template, which
reflects the major execution steps to be followedalution derivation, i.e., the steps of
(i) assessment, (i) analysis, and (iii) action.neTmain advantage of the introduced
methodology is its capability of effectively andssymatically identifying the most
sustainable enhancement strategies for a compléusinal system problem under
uncertainty. The applicability of the methodologyl be illustrated through analyzing

the sustainability issues and developing actiom®pléor a surface coating centered
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industrial zone.

4.1 Sustainability Enhancement Framework

As stated, the methodology is developed by applfirzgy logic techniques in
the three major steps of problem solving. They @yéAssessment, which determines
the sustainability status of the system under warigpes of uncertainties, (ii) Analysis,
which is designed to identify potential design m@&gives for improving sustainability,
and (iii) Action, where the most desirable enhaneetrstrategies is derived. The
detailed functionality and the implementation pehoe in each step are described

below.

4.1.1 Fuzzy logic based double-layer sustainabiligssessment

In studying a sustainability problem, the firstgstewards solution identification
IS assessment, i.e., to assess the sustainahdityssof the system under uncertainty.
The uncertainties are always associated with tlgeimed data and information and
possessed domain or heuristic knowledge (Piktsal, 2010). Uncertainties can be
either aleatory or epistemic (Parry, 1996), botbuogng in sustainability assessment
and decision making activities. There exists detarof techniques for uncertainty
handling by resorting to probability theory and gutational intelligence (Ayyub and

Gupta, 1997; Graham and Jones, 1988; Kanovicha/augeillesb, 2007; Yang, 2001;
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Cawleyaet al, 2001; Meinrath, 2000; Let al, 2006; and Zimmermann, 1991). In this
work, a fuzzy logic based approach by Pilietoal. (2010) is adopted to develop a
sustainability assessment approach, as it is capafbformulating and manipulating
both types of uncertainties.

The fuzzy logic based assessment is constructegkprsessing uncertainties as
fuzzy numbers and intervals, and conducted byzutdi a knowledge base with a
number of fuzzy rules.

Rule structure. The knowledge base contains three rule sets, nase¢jR.,

R,, andR, for assessing economic, environmental, and seagthinability, respectively.

Each set contains a number of fuzzy ruléﬁ,:{ R} ‘ 1=212--, N]“"} wherej is the

index of sustainability category £ e (economic)y (environmental), ok (social)); NjM

represents the total number of rules in ruleget The rules in the knowledge base

have the following uniform IF-THEN structure.

J

R: IF  {x,is Ayl k=1,2,@N,} (4.1)
N
THEN S| :Z al, X,
k=1

where
Xix = thek-th indictor in thg-th sustainability category

X;, = thek-th indictor (normalized) in thpth sustainability category
A, = the fuzzy set defined for indicatgy in rule R
ai

.« = the coefficient associated with normalized iathic X;, inrule R
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N; = the total number of indicators included in ru¢ to evaluate sustainability
Si]. = thej-th sustainability category derived by rui/

| = the sustainability index categomy €conomicy: environmentall: social)

Note that an indicatof is to be evaluated by using system parametersilzase
the industrial system under study, and it is pdeditat a number of system parameters
are required for obtaining one indicator. Sincdigators are always quantified with
different units and scales, they should be norredliand then combined into the
composite sustainability result in the THEN parthaa value between 0 and 1. Those
fuzzy sets associated with sustainability indicsta@an be defined based on the
approaches introduced by Ayyub and Gupta (1997) Bihgic et al. (2003) using
available data and/or heuristic knowledge.

Fuzzy reasoning. It is recognized that the fuzzy rules in the knalge base
can be used in a logical and systematic way. THe-MAX algorithm developed by
Zimmermann (1991) is still the most effective teigue for fuzzy reasoning and
decision-making, and in this case, fuzzy rule basestainability assessment. The

algorithm can be expressed as:

w00 =max{ min{ & (x,, ) k=1.2,--- N };i=1,2,--- ,N"} (4.2)
where

4 (X;) = the fuzzy membership for indicatgyy in thei-th rule of thej-th

sustainability category

H;(X) = the derived membership after the MIN-MAX opewation the rules in
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thej-th sustainability category

X = general representation of variabkgss

Note that the application of the MIN-MAX operatitmthe knowledge base will
activate only one most suitable in each of theehtde sets, which give the assessment
of economic, environmental, and social sustaingtsieparately.

Overall Sustainability Assessment. Since each of the composite
sustainability indicesS,, S, andS, are normalized to have a value between 0 andtl.
is highly desirable that the overall sustainabiligvel, S is also normalized.
According to Piluso (2010), the following formularcbe used to derive a normaliZéd

value, which demonstrates a Cube-based sustallyadidiius representation:

=1
s=5l(s.5.5) (4.3)

4.1.2 Sustainability analysis using fish bone diagm and design of experiment

methods

After the sustainability status is assessed, ttestnial system must be analyzed
to identify sustainability improvement opportungtie In this analysis step, a
fishbone-based approach is introduced to identié/rbot causes of existing problems.
The fishbone diagram is also known as the Ishikaiegram or cause-and-effect
diagram. Analysis is conducted through tracing kibeeds from the identified

sustainability status (i.e., the effect) to thetroauses of the sustainability problem, if
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there are. For those identified potential caudessign of Experiments (DOE)
techniques will be used to rank the causes, whithbe critical for identifying the
most important causes.

Root cause identification. The fishbone diagram, introduced by Ishikawa
(1990), has been widely used in product design gumality control, as it can help
effectively identify potential factors. The fishi® diagram for sustainability analysis
is shown in Fig. 4.1. In the diagram, each bopeasents a potential source (causes or
reasons) of sustainability variation, and the causee grouped into individual
sustainability categories based on the triple-lmttime principle. Such a fishbone

diagram can be developed using domain and/or hietkisowledge (Breyfogle, 1999).

Economic (E)

Cause E1 Reason E2-1
Reason Reason Reason /Cause E2

En E1-2 E1-3

Reason Reason Sustainability
Cause L1 V1-1 V1-2 Cause V2

/ ///

Reason L1-1 Cause V1 Reason V2-1

Social (L) Environmental (V)

Figure 4.1. Artificial fishbone diagram for sustability analysis.
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For a sustainable analysis problem, many potentiakes could be identified
with the help of a fishbone diagram. It is undamsiable that the causes identified
may have different levels of influence on sustailitgh Moreover, different types of
correlations may exist among the potential causes w the complex nature of
industrial sustainability; such correlations needbe carefully handled as well. For
this purpose, a sensitivity analysis on the caaséscorrelations needs to be conducted.

Cause and correlation screening. The 2 DOE technique (Breyfogle, 1999)
is applied to conduct sensitivity analysis of pdEncauses and correlations to
sustainability, which can provide the informatiohaztual degrees of the changes on
potential actions. Note that the DOE techniquesisd to conduct a certain number of
statistically designed trials. In each trial, antmnation of different potential causes is
set as an input to an industrial system, and tlstamability status of the system is
obtained as its output response. A general exanffilaplementation of the“2DOE

technique is shown in Table 4.1.

Table 4.1. Example of implementin§ ROE technique
(K: the number of potential causes).

Factor Designation
Trial No. | A K | AB AK Response
1 + + + + S
2 + - + - S
3 + + | - + S
2K - - |+ + Sy

In the table, the symbols, “+” and “-“, represent activation and inactivation,
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respectively, of a change of a potential cause c@relation). The details about
activation assignment for each potential cause miah can be found in Breyfogle
(1999).

The data of all the trials should be used to gfatiie level of sensitivity of
each potential cause and correlation to a sustiéitgabariation. This quantification
can be obtained through calculating mean effecttherrelated cause and correlation.
For a DOE dealing with K potential causes, a tofdk mean effects can be calculated

for each individual cause as follows:

Sofe]™ Sofe ] =2T1_1(Z Sife] —ZSo[k-]J (4.4)

where
k = the index of potential cause between A and K

SO[W] = a sustainability response obtained when “+iveig for causé

So[kf] = a sustainability response obtained when “-"in&g for causé

Note that the difference betweef_BD[k+] and §0[k7] is the mean effect of potential cause

k to the sustainability variation of the industrsgistem. Furthermore, the information

on cause-correlation can be derived below, whicoaats for all the mean effects.

Sofi ]~ ol ] = ZTll{Z Sof1] =2 SO[K...ki-]] (4.5)

where

ki ---k; =a general representation of the correlatioraofek; through causk
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SO[K“_ka] = the sustainability response obtained when “+"gigen for the

correlation of causk through causk

SO[K“_kjf] = the sustainability response obtained when “-"gigen for the

correlation of causk through causk

Note that the difference betweeﬁo[lﬁ,_,kf] and §o[K...kj-] is the mean effect of

the correlation of causé through cause to the sustainability variation of the
industrial system.

Comparison of obtained mean effects can effectivielgicate sensitivity
difference, which can be used to distinguish sigaift causes and correlations from
those insignificant ones. This can provide a bbettelerstanding of the system in the
following aspects: (i) the causes (or correlatiogis)ng higher mean effects are more
significant to the sustainability enhancement tttase having lower mean effects, and
(i) only those significant causes and correlatians suggested to be kept for further
study on sustainability enhancement. This is irtgodr as the available funds are
always limited, which requires a best possible fumtistribution for a number of

actions.

4.1.3 Action taking based on fuzzy optimization

Action, as the third step in this Triple-A Templdtased approach, is to derive

the most suitable sustainability enhancement gfiegeunder uncertainty. Instead of
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generating heuristic strategies based on limiteshagos, the actions to be taken are
based on the strategies derived systematicallyguairfuzzy logic based approach
proposed below, which can reflect cause-effectciefficy. In a fuzzy optimization
model, the objective function is defined to maxienthe sustainability level through
distributing the budget that is needed for actiakirtg, which is subjected to various
constraints, such as budget availability, systeatifigation, etc.

Fuzzy optimization model. To derive optimal action strategies for
sustainability enhancement under uncertainty, ayfuaptimization technique (Lai and
Hwang, 1992) is utilized. A general optimizatioroadel is shown below, where S is
the indicator of sustainability level. It is to ruaize the sustainability level through
optimally distributing the funds for different amti strategies under the various

constraints related to total budget availabilityzily defined), system models, etc.

max J = S($.i=ey,l) (4.6)
st. §=f{U,;F 1.2/MN) (4.7)

N _~

DU, su® (4.8)

k=1

U, 20 (4.9)

where
S = the sustainability level of an industrial system
S = thei-th sustainability category
i = the sustainability category indeg:(economic),v (environmental), and

(social)
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Ui = the budget for thgth action in the-th sustainability category

Uy = the budget for thk-th action

N = the total number of action strategies

U™ =the upper limit of the budget available (fuzailgfined)

Budget acceptance and sustainability satisfaction. Note that the total budget
constraint may not be very strict. This meansnifiedustrial system’s sustainability
improvement can be more satisfactory, then it mioghticceptable if the total budget for
actions exceeds its upper limit to some extent.is Bmows a type of flexibility in
decision making using fuzzy logic. To pursue Vipttypes of fuzzy sets should be
defined: one for sustainability satisfaction, ahd bther for budget request acceptance.
Figure 4.2 illustrates an example of fuzzy set rdgéins for the sustainability
satisfaction and the budget request acceptance. shdsvn in Fig. 4.2(a), if the
sustainability §) after action taking has a value less tlsgnthen it will be completely
unsatisfactory, and the satisfaction indicata(S) is 0. If the value oBis between
S and S, the system performance is partially satisfactasyindicated by a specific

value of u(S) between 0 and 1. If the value &fis greater thar§, the system

performance is completely satisfactory, ap(B) will always have a value of 1.
Figure 4.2(b) shows that if the budgeX) (is less tharJ,, then it is entirely acceptable

(u(U) =1). If the value ol is betweertJ, andUy, the budget request becomes less
acceptable (see a decreasing valueu(bjl) from 1 towards 0). If a value df is

greater tharlJy, the budget request will be completely unacceptzéb(u) = 0), and
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the optimization fails completely.

H(S) M)
10 | Highly satisfied 10 | Highly a(I:ceptabIe
0 - a 0 E ‘
S S S Uu U U
(a) (b)

Figure 4.2. Fuzzy set definition for: (a) sustditiey satisfaction,
and (b) budget request acceptance.

4.2  Case Study

A number of industrial sustainability problems haveen studied using the
introduced methodology. In this section, a sustsi® enhancement problem of an
industrial zone is selected to illustrate the agaidility of the methodology. This
industrial zone is featured by its surface coatoentered manufacturing for the

automotive industry.

4.2.1 Problem description

The industrial zone under study is sketched in Bi§. This industrial zone

consists of two chemical suppliers to the elecatpy plants (H1 and H2), two

electroplating shops (H3 and H4), two end usershis case, two original equipment
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manufacturers (OEM) for the automotive industry (ldBd H6) and a regional

wastewater treatment facility (WWTF). The WWTF abarged with cleaning the

waste streams, from each of the component plamts, level that is environmentally
satisfactory for discharge into the local river aedvironment. The system flow
information under the current situation is shownttas original values in Table 4.2.
This study is to investigate the sustainabilityelleef the industrial zone, and then to
develop effective strategies for sustainability royement, for which a very limited

fund is available for action taking.

Sustainability metrics selection. For the case study described above, two
indicators were selected for each sustainabilitfegary based on the IChemE’s
sustainable development progress metrics (ICher@@2)2 In real application, users
can select any number of sustainability metricadéquate, and an interesting example
is given by Pilusoet al. (2010). The selected metrics for this illustratiare as
follows.

(a) For economic sustainability assessment, the sel@aticators are: (1) Value
added %e 1), which is defined as the difference of the saled the total cost of goods,
raw materials (including energy), and services lpased, and (2) Taxes paid as a
percentage of income before tax 4).

(b) In the environmental sustainability category, tkéested indicators are: (1)
Total raw materials used per Ib. product producge,(which is the ratio between the
pounds of raw material used and the pounds of mtogitoduced, and (2) Total waste

generated per Ib. product producggb).
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(c) For social sustainability assessment, the suitalolieators are: (1) Potential
collaboration through zone-wide material recycld asuse X 1), and (2) Total number

of complains per unit value added.

Table 4.2. System flow information before and rafiehancement.

Original Value Value after
State (x10° Ibs/yr) Enhancement
(x10° Ibs/yr)
Inflow
z 50.00 50.00
zZ 70.00 70.00
Interflow
f 46.50 46.50
fus 33.88 33.88
fia 4.04 4.18
fas 2.61 4.62
foa 18.37 19.06
fas 0.60 0.62
fop 27.72 27.72
faa 4.04 10.60
foa 68.75 76.03
fos 1.74 3.09
foa 15.03 15.60
Waste
Yaron 3.50 3.50
Yoo 8.40 8.40
Yiros 8.09 2.81
Yoo 2.82 2.91
Yiros 4.36 1.80
Yuos 0.60 0.62
Product
Yo 78.41 85.59
Y6 13.83 14.36
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Figure 4.3. Sketch of a surface coating centarddstrial zone.

Sustainability assessment. As stated, the knowledge base for assessing

sustainability has two layers, where the lower ooitains three fuzzy rule sets, namely
R, R, and R, for respectively assessing economic, environnherdad social

sustainability, and the upper layer uses the cased calculation for combining results
from the lower layer into the overall sustainagilit In this case, the lower layer has 27

rules, including nine rules in sBt, nine rules in selR,, and nine rules in s&. While



120

the uniform rule structure has already been givelag. 4.1, the first rules in each of the

three rules sets are listed below as examples.
R: IF Xe1 i Ay, and Xeo is AL, (4.10)
THEN S, =0.5%,,+0.5X%,,

where

A;, and A, = the fuzzy sets that are defined as “LOW,, and “LOW"
X,,, respectively.

X, and x., =the metrics defined for economic sustainability.

X, and X,, = the normalized indictors in the economic sustaility

category.

S, = the derived economic sustainability category.

e

Note that the definitions of the two fuzzy seg (, and A!,) are shown in Fig.
4.4(a) and (b). In fact, those two figures contaiar other fuzzy setsAy,, AL, As,
and A?”’z) that are used by other eight rules in ruleRset
R: |IF X,1 is BJ, and x,, is By, (4.12)
THEN S, = 0.65X, ,+0.35%, ,

where

B,. and B, = the fuzzy sets that are defined as “HIGk,, and “LOW"

X, respectively.
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X,, and x,, =the metrics defined for environmental sustailitgbi

X,, and X,, = the normalized indictors in the environmentastainability
category.

S, = the derived environmental sustainability catggor

The definitions of the fuzzy setsBCl, and BVL,Z) are shown in Fig. 4.4(c) and
(d). Four other fuzzy setsBf,, B}, B),, and B,) that are used by other eight
rules in rule seR, are also given in such figures.

R: IF x, is C; and x, is C, (4.12)

THEN S =0.8%,+0.2%,,

where

C. and C,, = the fuzzy sets that are defined as “LOW’, and “HIGH”
X ,, respectively.

X, and x , =the metrics defined for social sustainability.

X, and X, =the normalized indictors in the social sustailitglcategory.

S = the derived social sustainability category.

The definitions of the fuzzy set@(l, and Cl'fz) are shown in Fig. 4.4(e) and (f),

where also contain four other fuzzy se®"(, C/}, Cj, and C/;) that are used by

other eight rules in rule s&.
The upper layer of the knowledge base employs E3jfat the assessment of

overall sustainability, which demonstrates a culsed sustainability status



122

representation.
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Figure 4.4. Definition of fuzzy sets for sustaiiidgpindicators:
Economic indicators: (a) Value added {), and (b) Tax paidx{ »),
Environmental indicators: (c) Total raw materiaé®d per Ib. product produceq {),
and (d) Total waste generated per Ib. product pred, »),

Social indicators: (e) Collaboration through zondevmaterial recycle and reuse|,
and (f) Total number of complains per unit valudexd »).
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Rule sets for fuzzy optimization. The two fuzzy sets are shown in Fig. 4.5 for
evaluating the levels of sustainability satisfactend budget request acceptance, after
obtaining decisions on budget distribution for specsustainability enhancement

action taking.

/,I(S)‘ 3 /J(U)A 3
1.01
+ i O + + y + + y *
0.82 0.92 1.0 100 130 170
s U ($K)
(@) (b)

Figure 4.5. Definition of two fuzzy sets for quidying:
(a) the satisfactory level of the sustainabilithiaged,
and (b) the acceptance level of the budget to tpeased.

4.2.2 Methodology implementation

For the problem described above, sustainabilityaanbment strategies are
obtained in three steps that are briefly descritmddw.

Assessment. The sustainability status is evaluated first. Bwlementing the
methodology, the assessment is initiated from ¢ieet layer based on the rules to be
activated in each rule sets. Taking the econommstagability rule set as an example,

one rule should be activated from nine rules thhoygrforming the MIN-MAX
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operation. Table 4.3 gives the details of theltesafter the operation. As the inputs

by the user, the data for variableg, and x,, are first provided. Then, the
membership function values for the condition pamach rule, M(Xek) i=12,--,9;
k=1 and 2) are all listed, based on the fuzzy getsn in Fig. 4.4(a) and (b). The
MIN operation gives rise tar,,, r.,, **, I.o in Table 4.3. The MAX operation
identifies that 7, has the largest value (1.00). Therefore, rédg is activated.

R: IF X., is AL and x,, is A, (4.13)

THEN S, = 06X, + 04X,

The rule application for the economic sustainapijtiantification generates the
results in the top section of Table 4.4. As shothe, dimensional input data fox,,
and x,, are first normalized (i.eX,, and X,, in Table 4.4.). With that, the

guantified value for economic sustainabil®yfrom Eq. 4.13, is calculated to be 0.892.
Following the same evaluation procedure as thathfereconomic sustainability
assessment, the activated rules in the environinenéset and the social rule set are

found to be:
R: IF X,, is B}, and x,, is B, (4.14)
THEN S, =0.7X,,+0.3X,,.
R: IF x, is C){ and x, is C[, (4.15)

THEN S =0.88%,+0.12%,
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Table 4.3. Economic sustainability — Evaluatiom@é set and rule selection.

Variable Xe,1 Xe,2 MIN MAX
Input data| 429.8 | 177.2| operation| operation
Rule No. | z#(Xe1) | t(Xe) Tei T

R 0.00 0.00 0.00

R? 0.00 0.00 0.00

RS 0.00 0.00 0.00

R? 0.00 0.00 0.00 1.00

R 0.00 0.00 0.00

R 0.00 1.00 0.00

R 1.00 0.00 0.00

R 1.00 0.00 0.00

R’ 1.00 1.00 1.00

Table 4.4. Sustainability assessment before ermagiat.

Normalized Categorized Overall
ECON Input data value AP A
- . . ae,i | Sustainability] be | sustainability
indicators| (dimensional > e ©
( ) (Xe,i ) (&)cur (S))cur
Xe.1 429.8 0.883 0.60
Xe.2 177.2 0.904 0.40 0.892 1.00
Normalized Categorized
ENV Input data value _ A
indicators| (dimensional) 5 A | sustainability b
(XV,I) (S/)cur
Xv.1 0.769 0.769 0.70
Xe2 0.301 0699 | 030 0748 |100 0745
Normalized Categorized
SOC Input data value _ A
indicators| (dimensional) S #i | sustainability by
()Q,i) (S)cur
X1 13.00 0.522 0.88
X2 0.171 0.829 0.12 0.559 1.00
Using these rules, the quantified values for emrrental and social

sustainability are 0.748 and 0.559, respectivelyext, those results obtained in the
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lower layer are sent to the upper layer as inpotsoferall sustainability assessment.
Through performing Eq. 4.3, a value of 0.745 isaoi®#d to the current sustainability
status.

Analysis. The above evaluation provides specific informatioAs shown,
the current industrial system is more economicemdronmental sustainability focused

as compared with its social sustainability perfonoeg as the value ok, is much
smaller than the values aX, and X,. A fishbone diagram in Fig. 4.6 shows the

identified four causes only for social sustainapilanalysis, which are: Cause A —
insufficient recycle ofs 3 in electroplating plant gl Cause B — insufficient recycle faf,

in electroplating plant | Cause C — insufficient recycles fgt andf, s from OEM H;

to electroplating plants Hand H, respectively, and Cause D — too much wag¥g (

generated by chemical supplies.H

Social
W2

Recycle

fi3 /‘ fos /' fas /' fus /'\\

Wastes

/ Sustainability
Economic

Environmental

Figure 4.6. Modified fishbone diagram
for sustainability enhancement of the studied case.
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Limited funds can be used to improve the socialtasngbility through

addressing some key issues that are related tce tlamntified causes.

sensitivity analysis must be conducted using th®QE technique.

Thus, a

In this effort, 15

trails are made and the results are demonstratédhie 4.5. The data of all the trials

are further used to quantify the level of sendyivof each potential cause and

correlation to a sustainability variation.

In themse, four mean effects of each

potential cause are calculated using Egs. 4.4 #mel onean effects of correlations are

calculated using Eqg. 4.5.

The calculation resalts plotted in Fig. 4.7, and as

examples, the calculation of mean effects on c#used the correlated cause BD is

given in Egs. 4.16 and 4.17.

Table 4.5. ®DOE technique implementation on the studied case.

Factor Designation

T\T(?l A|B|C|D|AB|AC| AD| BC| BD| CD| ABC| ABD| ACD| BCD| ABCD| Resmse
1 [+]-]-1]-] - - -+ + | 4+ + + + - - | 0.7539
2 |+ |+ |- -+ -] - -] -]+ - - + + + | 0.8627
3 |+ + |+ |-+ +] - +] -] - + - - - - | 0.8646
4 |+ |+ |+ |+ |+ |+ | +] +| +| + + + + + + | 0.9382
5 |- |+|+|+] - - - + | + | + - - - + + 0.9354
6 |+ |-|+|+]| - |+]| +] -] -| + - - + - - | 0.8052
7 -1+ -1T+] - + - - + - + - + - - 0.9331
8 |+ -l+]- -1+ -1-1+] - - + - + + | 0.7548
9 |+ |+ |-|+|+ ]| - | +]| -] +| - - + - - - 1 0.9360
0 l-1+[+[-1-]-1T+1+] -1 - - + + - - | 0.8617
11 |- |-+ +| + | - - - -+ + + - - - 0.8031
122 |+ | -|-|+| - | -]+ +] -] - + - - + + | 0.8057
13 |- [ +|-|-| - |+ +] -| -| +| + + - + + | 0.8598
14 | -1-1+]-1+ - + - + - + - + + + | 0.7465
15 |- |- -|+| + | + | - | +| - | - - + + + + | 0.8028
16 | - | -|-|-| +| +| +] +| +| +| - - - - - 1 0.7454
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S|~ Sefu] =

%((o.754+ 0.863+ 0.865+ 0.938+ 0.805+ 0.755+ 0.936+ 0.806) (4.16)

~(0.935+0.933+0.862+ 0.803+ 0.860+ 0.747+ 0.803+ 0.745)) = 0.002

go[BD+

:—;((0.754+ 0.938+0.935+ 0.933+ 0.755+ 0.936+ 0.747+ 0.745) (4.17)

- go[BD’] =

—(0.863+0.865+ 0.805+ 0.862+ 0.803+ 0.806+ 0.860+ 0.803)) = 0.005

As shown clearly by Fig. 4.7, the two causes, ngnBebnd D, as well as the
correlated cause, BD, are much more significann thizde rest causes and their

combinations.

g 0w >

A
acll
ADL
BC
BD
CD

ABC
ABD
ACD
BCD
ABCD

0 0.02 0.04 0.06 0.08

o8]

Figure 4.7. Mean effects of potential causes amcelations to the sustainability of
the surface finishing industrial region.



129

Action. The above results are used to derive a relatioristtiween the budget
distribution for action taking based on the mairuses and correlations and the
sustainability level. Equation 4.18 is the relaship obtained, which can be used to
determine a new sustainability lev&,., when funds are used to solve the problems

caused by Causes B and D and Correlation BD.

S,oy = 0.745+2.43x 107 Uy +1.54x 10 Uy,
~1.23x10°(u, )* -8.56x10° (u, )* —6.46x 107 u,u,

(4.18)
where

U, = the budget for implementing an action on B

U, = the budget for implementing an action on D

Note that Eq. 4.18 is essentially the objectivecfiom of the fuzzy optimization
in this case. It is to determine the best way Whodget distribution so that the
sustainability can be mostly enhanced. The opttion problem in this case is

defined below.

maxs,,, =0.745+2.43x10° u,+1.54x10° u,

(4.19)
~1.23x10°(u, )* -8.56x107°(u,, )* -6.46x107 ugu,

st U,+U, <130 (4.20)

0<U,,U, (4.21)

The above optimization is solved readily by Gen@igorithm (Sanchez, 1997)
with the following results:

(i) Budget distribution:
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U, =82 (4.22)
U, =54 (4.23)
(i) New sustainability data:

S, = 0.906 (4.24)

Note that the total budget request for actions canB D is $136K, exceeding
the soft upper limit of $130K. The acceptance lefethis requested budget can be
obtained using the fuzzy set defined in Fig. 4.6@d)ich is 85% aS/,t(UB +UD) has a
value of 0.85. Furthermore, the satisfaction lefehe sustainability can be observed

according to Fig. 4.6(a), which is 86% a4S,,) is 0.86.

In summary, according to the obtained solution, thest sustainability
enhancement strategies are: (i) to invest $82Knftneasing the internal recycl §) in
electroplating plant l (ii) to invest $54 k$ for reducing the wasi&.] generated by
chemical supplier H In this way, the sustainabilityg.y after implementing
strategies reaches 0.906; in more detail (see Tdb&), the new economic,
environmental, and social sustainability levels @r@6, 0.82, and 0.92, respectively.
This is about 21.6% of improvement overall, as carag with the sustainability status
before improvement (0.740). The system flow infation after implementing the
strategies is given as the “Value after Enhanceimentable 4.2. Clearly, the system
has some other improvement opportunities as thestaws of overall sustainability has
a satisfaction of 0.86. If more budgets are abélathe overall sustainability should

be further improved.
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Table 4.6. Sustainability assessment after enimagce
Normalized Categorized Overall
inI(Ejicégtlf\Jlrs ( dlirrf:rtlgggl) vglue a.; | sustainability] be | sustainability
(Xe,i ) (S)new (So)new
Xe.1 462.9 0.951 0.6(
Xe.2 190.9 0.074 | 0.4p 0960 1.00
Normalized Categorized
ndicators (dlirrfgrtusﬁs:;) value | 5, | sustainability) by
(Xv,i ) (S/)new
Xv.1 0.833 0.833 0.65
Xy, 2 0.201 0.799 0.3% 0.821 0.9 0.906
Normalized Categorized
0 oﬁccz;l(t:ors (dlirr]rg):rtlggﬁlil) value i | sustainability] by
(xl,i) (S)new
X 1 23.18 0.927 0.91
X 2 0.124 0.876 0.09 0.922 1.10

4.3

A fuzzy-logic-based Triple-A Template embedded mdtilogy has been
introduced for sustainability enhancement in thesti®on.
used to conduct sustainability studies on indugtriablems of any size in a systematic
way, where uncertainties associated with the probtan be effectively processed.
The problem solving procedure, through system assest, analysis, and action, can
characterize the system thoroughly, identify roatises deeply, and derive solutions
conveniently and reasonably. The methodologicéicafy has been successfully
demonstrated through studying a complicated ing@stzeone problem.

methodology can be further enhanced by integratimye domain and heuristic

knowledge.

Chapter Summary

The methodology can be

This
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CHAPTER 5
SUSTAINABILITY GOAL ORIENTED DECISION MAKING VIAMO  NTE

CARLO BASED SIMULATION AND SYSTEM OPTIMIZATION

Sustainability, in the most general sense, is #gacity to maintain a certain
process or state indefinitely. As applied to themhn community, “sustainable
development is development that meets the neetteeqgiresent without compromising
the ability of future generations to meet their oweeds” (WCED, 1987). The
economic, environmental and social aspects are altyraccepted as the triple bottom
lines for industrial sustainability evaluation.

Industrial sustainability is pursued by people tohiave the long-term
sustainable development (SD) of a given indusiraale defined as a geographic area
comprised of a network of industrial sectors, eacmposed of a number of entities.
In practice, decisions and strategies for sustéenalevelopment must be made,
reviewed, and assessed by industrial planners,néssi leaders, and involving
communities from time to time.

However, industrial sustainability problems are aw difficult to be fully
investigated and further optimized, because of ldnge size and scope that carries
highly complexness, and inevitable uncertaintiest tlare associated with data,
information, and knowledge. Therefore, most knowtudies on sustainability
decision-making are scenario based, where the ee@fesustainability of the scenarios

as well as the decisions are compared, and therbéke scenario associated with
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decisions are selected (Piluso and Huang, 2008his Type of decision-making
approach heavily relies on the identified scenaraosd decision-making is always a
heuristic based. Moreover, no uncertainties anegbeonsidered in making decisions,
which is inconsistent with the real situation.

A well-structured industrial zone is highly intetgd by different functional

sectors and more thoroughly, the entities within each @ectIn the supply chain

point of view, each sector or entity extreme degaitsl on its suppliers and customers
throughout the product. Thus, a good developmestistbn must be made by
considering and coordinating the zone, sectors antities and improving their
performance in terms of economic, environmental social aspects. This requires
the industrial decision makers to possess systaie-amalysis abilities. Moreover, the
optimal decisions are forever expected in termhefdecision’s cause-effect efficiency,
which asks for systematic optimization in makingidens.

Another key issue in making the sustainability depment decisions is the
inevitable uncertainties. Due to the imperfectemsthnding of the data, information
and knowledge about the history of the zone, anceratical, its future trends, many
types of uncertainties are challenging the decisimaking for an industrial zone.
Many methods regarding how to handle these varigpss of uncertainties currently
exist, which include techniques that are fuzzydoairtificial intelligence, or statistical
based (Ayyub and Gupta 1997, Graham 1988, Zimmamm&801l). Despite the
numerous types of inherent uncertainties that earsi methods to handle these

uncertainties, this work strictly focuses on theentainties in future zone planning and
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a Monte Carlo based approach will be used to etalie sustainable development of
an industrial zone among these uncertainties. PBles1of uncertainties that arise in
future zone planning include uncertain market demmamcertain price of the product,
uncertain cost of the raw materials, uncertainceffit on technologies improvements,
etc.

In this work, an approach consisting of both th&temy optimization and Monte
Carlo based simulation is introduced to guide tkeiglon-making process for more
effectively identifying solutions of sustainabiliipnprovement. The main advantage
of this approach is its capability of identifyingptonal choice effectively with the
consideration of system uncertainties. The efficat the proposed approach is
illustrated through analyzing the sustainabilitguss and developing strategies for

enhancing the sustainability of an automotive mactuiring centered industrial zone.

5.1 Decision Making Framework

A typical scenario based sustainability decisiorkimg methodology was
proposed by Piluset al. (2008). Extended from the existing Ecologicalu@utput
(EIO) Analysis (Leontief, 1936), this systematic thweology is capable to
guantitatively evaluate various sustainable develemt decisions for a given industrial
zone. The general scheme of the extended EIO-b&Bedecision-analysis can be
demonstrated in Fig. 5.1. Defining each entityhaf given industrial zone in the way

of basic elements of input-output flow analysise(deig. 5.1(a), where the raw material
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input to entityi is denoted agy, the intermodal flows from entity to entityi are
symbolized agi;, and the streams that run from entitp the environment are denoted
as yw,oi for a waste andj, o for a product stream, respectively.), such thetesys

information are imported to the EIOA module foralktd analysis.

Z
—TEN L Ypoi

H; > Yuoi

fij,kl | fkl,ij

(a)
Systemr Analyzed systen System modificatiol
information EIOA information recommendations

| Module | Managemen
Best possible
EIOA decisions
Comparison
(b)

Figure 5.1. General scheme of the extended ElI@eb&® decision-analysis: (a) basic
elements of input-output flow analysis of i-th éntf a given industrial zone, and (b)
general scheme of the extended EIO-based SD deasialysis.
Within the EIOA module, the system production mats first generated, then
the throughout flow of each node is calculated. teAthat, a creaon inflow analysis
(Bailey et al. 2004) is applied to obtain the instantaneoudtifraal inflow matrix and

the transitive closure inflow matrix, which accasirfor all direct and indirect nodal

inter-relationships. Finally, the input environ tife system, which represents the
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amount of inflow, internodal and intranodal flowdathroughflow needed to support a
unit of outflow from each node, is derived and liert exported as the analyzed system
information out of the EIOA module.

By checking those analyzed system information, maiemodifications are able
to be suggested through the management functioadmieving possible sustainability
improvement of the given industrial zone. In thstistep of the Extended EIO-based
SD decision-analysis, which is also the most charestic part as a typical scenario
based approach, various system modification saenafwvith either one potential
modification or a combination of several potentradifications) are proposed, then the
degrees of sustainability of the scenarios as agethe decisions are compared, and the
best scenario associated with decisions are sdlastéhe best possible decisions.

Such the Extended EIO-based SD decision-analysisagable to provide
sustainable development decisions. However, tlathadology has some functional
limitations heavily restricting its application othe industrial practice: (i) the
methodology heavily relies on the identified scesar Due to the limited ability in
generating scenarios, the final best possible edsare always heuristic based, and
more important, far from optimal. (ii) the methodgy does not reflect the decision’s
cause-effect efficiency, which is critical in indugl practice. In reality, no matter
how good the decision’s effect is, if its implemamn must with too much money
investment, then the decision cannot be acceptalfig). there is no uncertainty being

considered in making decisions, which is inconsistath the real situation.
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In summary, there is a need to extend the EIO-b&2dlecision-analysis by
considering decision’s cause-effect efficiency, emtainties with the sustainability, and
obtaining the best possible optimal decisions. sTlunew methodology consisting of
both the system optimization and Monte Carlo basedilation is introduced to guide
the decision-making process for more effectivebnitifying solutions of sustainability
improvement. The details of the new methodologit & given in the following
sections.

The basic algorithm of the proposed approach igtired in the following way
(see, Fig. 5.2). First, the Extended EIO-baseddebision-analysis is borrowed to
obtain the potential modification options for achmg possible sustainability
improvement of the given industrial zone. Secoad, industrial sustainability is
described as a system optimization problem, whdgectve function is the overall
sustainability criteria of the whole system, anchstoaints are those subjected by the
system’s characteristic and budget limits. ThiadGenetic Algorithm approach is
implemented to solve the optimization problem ¢hdin et al, 1977). The local
optimal solutions obtained from Genetic Algorithrppeoach will be recorded as
candidates for further uncertainty analysis. Hguuncertainties are introduced into
the system by changing the properties of some mygt@rameters from constants to
their corresponding domains of possible values. tHa next step, Monte Carlo
simulation is applied to recheck the sustainabpigyformance of each candidate under
the introduced uncertainties. Finally, the bessstae decisions will be readily

identified from the candidate solutions through ragating the results of each
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individual Monte Carlo sample for a result.

Since the details of Extended EIO-based SD dec@iabysis can be found in
Piluso and Huang (2008), this step for obtainirg pltential modifications will not be
discussed in this chapter, and the potential meatihins are assumed to be obtained
already. In order to illustrate the methodologgacly, several basic concepts will be
first described, and the rest steps of the proposethodology will be given in detail

later.

Systemr Analyzed systen System modificatiol
information EIOA information recommendations
| Module ’| Managemen
Optimized Best possible
Systemr solutions MC decisions
Optimization Simulation

Figure 5.2. General scheme of the SD decision-ngakia Monte Carlo based
simulation and system optimization.

5.1.1 Industrial zone modeling

An SD decision-making problem is to design SD denisnaking approaches
that help people determine the strategies for #¥fely improving the sustainability
performance of an industrial zone defined as a iggadgc area comprised of a network
of industrial sectors, each composed of a numbentfies. An industrial zone can be

defined as follows:
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z={H, |i=12; ] (5.1)

Where | is the total number of the plants in zo#e. For each plantH; , it is
defined as basic elements of input-output flow gsialdescribed in Fig. 5.1(a), where
the raw material input to entifyis denoted ago, the intermodal flows from entityto
entity i are symbolized afj, and the streams that run from entity the environment
are denoted ag, o for a waste ang, oi for a product stream, respectively. Furthermore,

all the raw material input, intermodal flows, ame tout streams are called zone states,

and the total zone state vectdr,can be defined as:

X = (Zm'... Z s fraam s fm,,m, Ywors ™ Yaom, + Yoorn * + Ypom, )T (5.2)

Sustainability Assessment Based on Zone States. In discussing sustainability
problems, one of the key and most arguable issaefiow to guantify the
sustainability of the interested system. Althoutilere are different assessment
indicator systems, a common agreement is that sereis sustainably can be well
assessed by checking its economic, environmemdl sacial aspects. Based on this

triple-bottom-line concept, a simple and directtaunsbility quantification approach is

introduced as follows. First, the overall susthility of an interested systen(,), is
defined as a combination of its economic indicatGg;), environmental indicator

(G2™), and social indicator@:°"). i.e.,

sys sys

(G eco Genv G socl) (5 3)

Sys? “—sys? “sys

Gsys = fsys

Note that the interested system can be the emithestrial zone or any sector/entity of
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the zone. Furthermore, a perspicuous sustainakbjliaintifier, sustainability cube, is
introduced with the general function of Eg. 5.3emikthe specific expression defined in

Eq. 5.4.

G

Goys = %H(

eco Genv gsocl

Sys ! “sys 1 “sys X

(5.4)

where G, GV, and G5 are the normalized economic, environmental anihkoc

sys 1 Isys sys
indicators respectively, whose values are resttiotghin the range from 0 to 1. Such
a sustainability cube can be visually displayedFigm 5.3, whose left-bottom corner is
defined as the origin of the interested system,revhiadicates the situation of no
sustainability. On the contrary, the right-upperner of the cube has the maximum
indicator values of the triple-bottom-lines, wherepresents the best optimal

sustainability of the system. At any given timag#, t, the sustainability of the
interested systemGsyS(t), can be identified in the cube (see the black dotprding to
its indicator values of the triple-bottom-lines.

Second, each of these triple main indicators in &E§. can be obtained by

grouping several sub-indicators in their categoiies,

Gy = f5eless -+ 65e) (5:5)
Gy = fvlegy . o) (5.:6)
G = (e - egr) 5.7)
where N_,, N.,,and N, are the total numbers of the sub-economic indisatbe

sub-environmental indicators, and the sub-socditators, respectively.
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Figure 5.3. Conceptual illustration of a sustailigtcube.

Finally, each of the sub-indicator can be calcullateising the zone states, i.e.,

Gt = fe(X), i=1,2,++ Ny, (5.8)
Gl = foi(X), §=1,2,+ N, (5.9)
G;;;.:I’k = fs?ZCIYk(X) ’ k= 1,2, Nsocl (510)

From Eqs. 5.3 through 5.10, the overall sustairtghd essentially related to the

zone states:

Gyys = G4 X) (5.11)

Such the sustainability assessment is general. s,Tihean be applied at any
specific time stage for quantifying the sustainapif any interested system.

Zone State Transition Equations and Decison Based Cause-Effect
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Relationship. The essential of the sustainable development af@ustrial zone is the
effective and efficient zone state transition frome time stage to the other due to the
efforts put into the zone. The efforts can be &gl (for instance, investment) or
non-substantial (for instance, new policy forceln this point of view, the decisions
need to be made are the determination of what ¢dredforts should be given, and how
much for each given effort. Therefore, two issueast be addressed here for
understanding the relationship between decisioortsffand the improvements of
sustainability, (i) zone state transitions, angdecision based cause-effect.

The equations of zone state transition gives th $tansition rule from current
time stage to the final time stage. Normally, aggal state transition equation has the
following discretized expression:

X(t,)=X(t,)+ax(t,) (5.12)
where X(to) is the zone state vector at time AX (to) the transfer term of the zone

state vector from timé, to timet.. Therefore, knowing the zone states at one time
stage, finding the next time stage zone statequaldo finding the transfer term of the
zone state vector at this time stage, which caonltained through the decision based
cause-effect analysis.

Decision based cause-effect relationship illusgratee quantitative relations
between the efforts and their effects to the zotaes, which has the following

expression:

DX ()=, (X (6) U (), 1=21,2, Ny (5.13)
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AX(t,)= f (BX2(t), -+, AX ™ (t,)) (5.14)
where U’ (to) is the i-th type of effort,N. the total number of different types of

efforts, and AX'(t,) is the improving amount of the directly affectezhe state vector

due to the i-th type of effort.
From Eqgs. 5.12 through 5.14, the general statesitran equation can be

expressed as:

X(t,) = 0 (X (). ut(ty). - 0™ (&) (5.15)
Furthermore, the following relationship can beante¢d based on Eqgs. 5.10 and

5.14:

Gsys(te) = fs);s(x (tO )' ul(tO)' T ’uNeﬁ (tO )) (516)
5.1.2 System optimization for obtaining sustainableevelopment options

The goal of a general SD decision-making is to perrghe maximum
sustainability performance in the future under fediamount of efforts and other kinds
of constraints. Having the industrial zone modektainability assessment, zone state
transition equations and decision based causetefédationship, an industrial zone
based SD decision-making after pre-ElO-based aisabyan be further specified as
follows: given different types of effort optionsducertain limited amount of the total
effort, what’s the best possible future sustairnighdf the whole industrial zone can be

obtained without hurting the sustainability bergefif any entity within the zone, and
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what kind of effort distribution on each option sitdbbe? In the systematic analysis
point of view, such an industrial zone based SDsimt-making can be studied by the

following system optimization.

3= Max - Gte) (5.17)
st Eft,)= flut o u™ )< (Et)), (5.18)
O<u'(t,)<(u'(t)) . i=L2- N (5.19)
GInft,)2 Ginft,), GIM(t)2Gom(t,), GEt)2G,)  (5.20)

6=()26(), ()26 (). 6()= G (),

212 (5.21)

where G, [t.) is the sustainability of the whole industrial zdnethe future which
takes the expression in Eq. S.E,(to) is defined as the total effort at the current time

stage combined by each effort optiofE(to)) is the upper-limit of the total effort,

max

and (ui (to))max is the upper-limit of the i-th effort option.

In the above optimization, the objective functiced, Eq. 5.17) is to find the
maximum sustainability of the entire industrial 2oim the future, and the adjustable
variables are the efforts spent on different ogionMoreover, the optimization should
subject to the constraints on both the effort knagihd the SD development requirements.
These are, on one hand, the total available effant the effort available on each
individual option are all limited (see, Eqgs. 5.1&15.19), and on the other hand, the

future sustainability in terms of the triple-bottdimes should be better or at least equal



145

to the current situation for not only the whole usttial zone (see, Eqg. 5.20), but also
each individual entity (see, Eq. 5.21).

Due to the multi-factors within the optimizationt frequently results in
non-linear optimization problems. Therefore, the&n&ic Algorithm, which is
effective for solving non-linear optimization, witle applied in this studfRuszczyski
2006, Bartholomew and Michael 2005). The detadtsps for applying the Genetic
Algorithm can be easily found in many of the litewra@s. The results obtained will be
numbers of local optimal value sets for both theective function and the

corresponding adjustable variables (see, Eg. 5.22).

Gl nlt
Setnz{ zonen( e)}’ n=1,2--, NGA’ i =12-- Neff (522)

ur {to)
where N, is the total number of local optimal results fréhe Genetic Algorithm,
GD

zone

(t.) represents the n-th set local maximum sustaitglifi the whole industrial

zone at next time stage, ang(t,) is the n-th set local optimal effort distributed o

the i-th option. Finally, as the output informaticom the system optimization step,
these local optimal solutions will be recorded acision candidates for further
uncertainty analysis in the next Monte Carlo basgdulation.

5.1.3 Monte Carlo based simulation for handling stchastic uncertainties

After system optimization, numbers of local opting) decisions are obtained.
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However, there is no uncertainty considered in iobtg these solutions, which is
inconsistent with the real situation. In orderm@ke the SD decision-making study
more consistent with the real, uncertainties wdl farther introduced into the system
and Monte Carlo based simulation will be applied rexheck the sustainability
performance of each candidate under the introduoedrtainties. Note that, this work
strictly focuses on the uncertainties in future eqgumanning, which relates to the
uncertain market demand, uncertain price of thedyet uncertain cost of the raw
materials, uncertain efficiency on technologiesnovements, etc.

To introduce uncertainties into the system, theperties of related system
parameters are changed from constants to the derohpossible values. For instance,
a system parameter, the price of product A shoddchanged from $100/lb to an
uncertain value within the domain from $80/Ib t@284b.

With the uncertainties introduced, the SD decisimaking becomes infeasible
for handling with deterministic system engineerieghniques. Thus, Monte Carlo
methods that rely on repeated random sampling taimkcomputational results is
applied to recheck the sustainability performande each candidate under the
introduced uncertaintie@alvin and Paula 2008, Gentle 1998 In detail, a four-step
procedure is implemented as follows:

Step 1. Define domains of possible parameter values.

Step 2. Generate parameter values randomly from the dwmnand perform a
deterministic computation to obtain the total simsthility for each decision candidates

recorded in system optimization.
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Step 3. Sort the decision candidates based on their tatsiainability status
obtained inStep 2 Note thatStep 2and 3 should be repeated for enough numbers of
times to obtain various random sample results.

Step 4. Aggregate the results of the individual compuwtadi for a final result
according to the sorting.

Finally, the decision candidate solution with thestoaggregating results will be
selected as the best possible SD decisions ofivlea gndustrial zone, and the average
future sustainability will be calculated through thle random samples as the prediction
for the future. This kind of Monte Carlo based slation embodies uncertainties in
making decisions by checking a large number of eandsamples with different
uncertainty combinations and taking aggregatedtefom them, therefore, makes the

SD decision making much more consistent with tlaé sguation
5.1.4 Decision making with non-equal weights on fpie bottom lines

The general industrial sustainability decision-nmgkimethodology via Monte
Carlo based simulation and system optimizatiomliy lemonstrated in 3.1 through 3.4.
In the system optimization step, the objective fiorc (see, Eq. 5.17) is to find the
maximum sustainability of the whole industrial zdnethe future, and the zone based

sustainability takes the expression in Eq. 5.4 wyth = zone

G, =—]|lG

1
zone — ﬁ”(

eco Eenv Gsocl

zone! zone? zonel

(5.23)
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This sustainability quantifier gives equal emphasis each aspect of the
triple-bottom-lines, therefore, can be directlydirated by using the conceptual tool of
sustainability cube. On one hand, putting equgbleasis on the triple-bottom-lines is
the simplest way and most frequently being appirednaking decisions. However,
non-equal emphasis on each aspect of the tripkedneines also should be considered
when the SD decision makers prefer more benefitoma (or two) aspect of the
triple-bottom-lines.

Equation 5.4 can be further expended as:

o= Eles + s ez} 520

which is substantively a simplified case from E@%whena, S and y are 1.

G, = % (a(c_;;;g")z + G + e f ); (5.25)

Thus, if these 3 parameters take different valaesyn-equal preference on each
aspect of the triple-bottom-lines can be realizedor instance, an SD decision maker

may selecta =5, =2 and y=1to purse more economic and environmental

benefits than the social benefits in the future.
5.1.5 Target driven decision making

The decision-making methodology introduced in Jdboaigh 3.5 are all effort

oriented, i.e., given different types of effort igpis and certain limited amount of the
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total effort, find the best possible future susahitity of the whole industrial zone under
uncertainties and the corresponding effort distrdsuon each option. On the other
hand, there is also a need to consider the SDideaisaking in a target-driven way, i.e.,
known different types of effort options and a pe¢-future sustainability goal of the
whole industrial zone, determine the total effottiehh should be implemented for
achieving such the pre-set future sustainabilityalgonder uncertainties, and the
corresponding effort distribution on each option.

To analyze such the target-driven decision-makingblem, the general
methodology via Monte Carlo based simulation andstesy optimization is
implemented under a kind of trial and error guidaas follows:

Step 1. Set the future sustainability goal of the enitigustrial zone.

Step 2. Make a guess on the total effort, and use itulfillf the system
optimization and Monte Carlo based simulation tdaob the best possible future
sustainability of the entire industrial zone undercertainties, and the corresponding
effort distribution on each option.

Step 3. If the best possible future sustainability obéginnStep 2s lower than
the future sustainability goal set 8tep 1, Step @ill be repeated with a higher total
effort. On the contrary, if the best possible fatgustainability obtained iStep 2is
higher than the future sustainability goal seSitep 1, Step @ill be repeated with a
lower total effort.

Note thatStep 2and Step 3should be repeated until obtaining a best possible

future sustainability within the acceptable regamound the goal set itep 1. Then
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the final best possible future sustainability resuand the corresponding effort

distribution on each option will be selected asttrget-driven decision solutions.

5.2 Case Study

To demonstrate the efficacy of proposed SD decisiaking methodology via
Monte Carlo based simulation and system optimipatéocase study on sustainability
improvement of a surface finishing centered indaksystem is given below. The
industrial problem has three manufacturing sectirs:chemical supply sector of two
chemical solvent plants, the surface finishing@ect two electroplating plants, and the
automotive sector of two OEM plants (see, Fig. Swhich gives| = 6in Eq. 5.1.
Moreover, the values of zone states at the cutnert stage and the system parameters
(in terms of the economic flow value of zone stptee listed in Table 5.1.

According to Piluso and Huang (2008), four types poftential technology

modifications N, = 4 in Egs. 5.13 through 5.19) are suggested d#fierextended

ElO-based decision-making analysis for improving sustainability of the surface
finishing centered industrial system.

Modification 1: Plating shop 1 H;) enhances its in-plant zinc recycling
technologies, thereby improving internal recyclpatalities (see, faz?[‘ in Fig. 5.4).
Modification 2: Plating shop 2 H,) enhances its in-plant zinc recycling

technologies, thereby improving internal recyclpatalities (see, ffz in Fig. 5.4).
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Modification 3: OEM 1 {H;) improves plant efficiency, thereby improving its
recycle back to both plating companies (séég and ffg‘ in Fig. 5.4).
Modification 4: Chemical supplier 2H,) improves process efficiency and thus

reduces its waste generation (seg,, in Fig. 5.4).
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Figure 5.4. Schematic diagram of the zone staged in the component-based surface
finishing centered industrial system.



152

Table 5.1. Values of zone states at the currerg stage.

Variable Zone State Value | Economic flow value of
(x10° Ibs/yr) zone state ($/Ib)
z 50.00 0.58
z2 70.00 0.55
fa 46.50 0.89
foo 27.72 0.88
fo 33.88 0.88
fia 4.04 0.40
f i 4.03 0.45
fos 68.75 2.93
fae 2.61 0.35
for 18.37 2.51
fo 1.74 0.37
for 15.03 2.51
fro 0.60 0.42
Yaos 3.50 0.25
Yero2 8.40 0.27
Y03 8.09 0.29
Yiroa 2.82 0.29
Y05 4.36 0.35
Yiroe 0.60 0.35
Yolos 78.41 593
Yo 13.83 2.93

The general triple-bottom-line-based sustainabilgyantification approach
introduced in Egs. 5.3 through 5.11 is appliedhis tcase study, and the conceptual

sustainability cube is used to demonstrate thatstn of the surface finishing centered
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industrial system. In simplicity, the economic icator, environmental indicator, and
social indicator of the studied system are all pgtas only one single sub-indicator:

(i) Economic indicator: narrowly defined total pitof

G2 = revenudrom product- »_ costof raw material

(5.26)
~ ) costof wastetreatment
(i) Environmental indicator: mass intensity
roduct

en - _ 2 Product (5.27)

> raw material
(i) Social indicator: collaboration through redgand reuse
G5! = > massrecycleandreuse (5.28)

With these triple-bottom-line indicators and theneostate data, the overall
sustainability of the interested system (which d#n the whole surface finishing
centered industrial system or any of the six plawitkin it) at any interested time stage
is able to be quantified by using Eq. 5.4 and digpdl in the sustainability cube. For
instance, with the current zone state data in t&ble the current sustainability of the
whole surface finishing centered industrial sys@md the six plants are obtained and
listed in Table 5.2.

The effort options in this case study are the itmest on the four types of

potential technology modifications at the curremtet stage marked as:
u'(t,) i=1---,4 (5.29)

where ul(to) is the investment on improving the internal ziacyicle capabilities (3z;)
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of plating shops 1,u2(t0) Is the investment on improving the internal zimecycle
capabilities (ffjf) of plating shops 2,u3(to) is the investment on improving the zinc
recycle (ffg‘ and ff}j) of OEM 1 back to both plating companies, atﬂto) is the

investment on reducing waste generatimf)f;() of chemical supplier 2.

Table 5.2. Current sustainability
of the surface finishing centered industrial system

et | G5s) | G3) | G5() | G)
Z 0.877 0.769 0.592 0.755
H, 0.835 0.930 0 0.722
H, 0.784 0.880 0 0.681
H, 0.857 0.850 0.505 0.753
H, 0.873 0.830 0.668 0.759
H. 0.847 0.900 0.685 0.816
Hg 0.656 0.920 0.882 0.828

Furthermore, all these four effort options are as=il to have the following

logarithmic effect at the end time stage;

Af;y(te>=log[(—ugl?tl()tf‘) *1](m;:1(te))m (5:30
(=g 2 '*1](mf:'2(te>)m 31

3
A1 22(t,) = log 93“—(t°) + 1](Af3ﬁ.?3(te))max (5.32)
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A 23(t,) = Iog(% + 1](Aff§'3(te))max (5.33)
Ay;?;(te)=Iog[%u}wmte»m (5.3

where (41Z*(t,) = 4x10° losiyr, (4122(t,)) = 4x10° Ibstyr, (41 23(t.)) =

max

1.2x10° Ibs/yr, (Affg'3(te))maxz 0.8x10° Ibs/yr, and (AyZ”"‘(te))maX: 4.2x10° Ibslyr

w,2

are the technology upper limits corresponding tcheaption’s improving effect, and
[ut,) =$500 K, (u*(t,)) =$750 K, (w(t,)). = $900 K, and (u*(t,)) = $1000

K thousand are the investments needed on eachnofaroobtaining the maximum
technology improving effects.

Equations 5.30 through 5.34 provide the quantiatiglations between each
effort option and its effect(s) to the directly edfed zone states (which is generally
defined in Eq. 5.13). Based on the mass balanaeciple, their effects to the
indirectly affected zone states (see, Eq. 5.14) lmardetermined. Furthermore, the
new zone states can be obtained by using Eq. aritRfinally, the new sustainability of
the whole surface finishing centered industrialtaysor any of the six plants within it

are able to be quantified by using Egs. 5.16 a6 through 5.28.
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5.2.1 System optimization

Knowing the system information and the potentialdification options, the
proposed methodology can help the manager of suehstirface finishing centered
industrial system achieve the best possible fusustainability under certain amount of
budget limits. For instance, if the total availdyudget for applying four effort
options is half million dollars, then the followirgystem optimization can be designed

according to the general expression given in E4s. ® 5.21.

37, Max  Gut.) (5.35)
st. iu‘ (t,) < 5x10° (5.36)
i=1

0<ut(t,)<5x10°, 0<u?(t,)< 7.5x10°, 0<ui(t,)<9x1C°,

0<u’(t,) <1x10° (5.37)
G (t,)20.877 G (t,)=0.769 G2t )=0.592 (5.38)
G(t,)=0.835 G™(t,)=0.930, G, )=0,

G(t,)=0.784 G™(t.)=0.880, G:™t.)=0,

G(t,)=0.857, G™(t,)=0.850, G:*™(t,)=0.505 (5.39)
G(t,)=0.873 G™(t,)=0.830, G:(t,)=0.668, '
G(t,)=0.847, G™(t.)=0.900, G:*™(t,)=0.685

Ge(t,)=0.656, G™(t.)=0.920, G:™(t,)=0.882

In the above optimization, the objective functieed, Eq. 5.35) is to find the

maximum sustainability of the entire industrial 2an the future (note that each aspect
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of the triple-bottom-lines has an equal emphasis)h@and the adjustable variables are
the budget spent on four potential options. Moegpthe total available budget and
the budget applicable on each individual optionakémited (see, Eqgs. 5.36 and 5.37).
On the other hand, the future sustainability imigiof the triple-bottom-lines should be

better or at least equal to the current situataymbt only the whole industrial zone (see,

Eg. 5.38), but also each of the six plants (seebE39).

To solve this non-linear programming, the GenetigoAithm is applied which

takes 100 total generations in each operation &Wdpbpulations in each generation.

Finally, 10 local optimal cases (i.eNg, =

1@ Eg. 5.22) are obtained and their

optimal value set information corresponding to @2 are all given in Table 5.3.

Table 5.3. System optimization results solved §imgi Genetic Algorithm.

Optimal Budget Distribution (x 1) Future Sustainability
Case um(to) UZD(tO) u3D(t0) U4D(t0) G(zeg(ri(te) Gigﬁ(te) Gj();lg(te) G?one(te)
1 133 35 127 205 0.922 0.802 0.70b6 0.815
2 98 179 168 54 0.921 0.800 0.762 0.831
3 155 3.2 51 290 0.920 0.801 0.670 0.803
4 205 51 47 197 0.923 0.802 0.709 0.816
5 235 3.3 26 236 0.918 0.799 0.672 0.802
6 94 260 86 60 0.924 0.801 0.767 0.833
7 67 28 41 364 0.924 0.803 0.673 0.80Q7
8 156 141 60 143 0.927 0.805 0.745 0.829
9 51 189 157 80 0.923 0.802 0.755 0.830
10 167 3.3 162 167 0.916 0.798 0.690 0.807

Since those local optimal results all have graatanability improvement

compared with the current situation, and satisfihbthe budget limits and SD

improvement requirements, they will all be recor@sddecision candidates and output
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from the system optimization step for further unaety analysis in the next Monte

Carlo based simulation.

5.2.2 Monte Carlo based simulation

Ten local optimal SD decisions after system optatian are obtained without
considering uncertainties. In order to make the @&gision-making study more
consistent with the real, uncertainties will bettigr introduced into the system and
Monte Carlo based simulation will be applied tohek the sustainability performance
of each candidate under the introduced uncertaintieln detail, eight system
uncertainties about the future zone planning am®duoced to study the SD case of the

surface finishing centered industrial system, whiehfirst two are the uncertain cost of

the raw materials (seezZ and z2' in Fig. 5.4), the § and 4" are uncertain price of

the product (see,yﬁf“05 and yﬁf‘oe in Fig. 5.4), and the last four are uncertaincegficy

on technologies improvements (se(m,i (to)) i=1---,4 in Egs. 5.30 through

max’
5.34). The four-step procedure for implementingni@oCarlo based simulation is
given as follows:

Step 1. Define domains of possible parameter values. skiseem parameters
related to the eight uncertainties are changed fronstants to the domains of possible

values. Their domains of possible parameter vaduesliefined as follows:

(i) the cost of raw materialz; is changed from 0.58 $/Ib to an uncertain value
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within the domain from 0.56 $/Ib to 0.60 $/Ib.
(ii) the cost of raw materialz) is changed from 0.55 $/Ib to an uncertain value
within the domain from 0.53 $/Ib to 0.57 $/Ib.
(i) the price of product yﬁf‘OS is changed from 5.93 $/Ib to an uncertain value
within the domain from 5.75 $/Ib to 6.11 $/Ib.
Zn

(iv) the price of producty;7, is changed from 2.93 $/Ib to an uncertain value

within the domain from 2.84 $/Ib to 3.02 $/Ib.

(v) the investment paramete(ul(to))max is changed from $500 K to an
uncertain value within the domain from $475 K t@$%K.

(vi) the investment paramete(uz(to))max is changed from $750 K to an
uncertain value within the domain from $712 K t@8K.

(vii) the investment p<':1ramete(L13(to))max is changed from $900 K to an
uncertain value within the domain from $855 K tat$X.

(viii) the investment paramete(u“(to))max is changed from $1000 K to an

uncertain value within the domain from $950 K t®%Q K.

Step 2. Generate parameter values randomly from the dmmnand perform a
deterministic computation to obtain the total susthility for each decision candidates
recorded in system optimization. For instance, seteof parameter values generated

randomly from the domains are:

z7'=0.59 $/lb, zZ7 = 0.54 $/Ib (5.40)
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y2ie= 6.01 $/lb, y3i.= 2.90 $/lb (5.41)
(U'(t,)) _=$508K, (W2(t,)) =$725K,

(L(t,)) _=$866 K, and (u*(t,)). = $1000 K (5.42)

and the total sustainability for each decision iadaigs are obtained in Table 5.4 with

these parameter values through a deterministic atatipn.

Table 5.4. Zone sustainability and ranking results
of one random Monte Carlo sample.

Optimal Budget Distribution (xf®) |
Case o) | vl | uF,) | ut,) Goone™t.) | Rank
1 133 35 127 205 0.821 5
2 98 179 168 54 0.834 1
3 155 3.2 51 290 0.809 7
4 205 51 47 197 0.813 6
5 235 3.3 26 236 0.806 9
6 94 260 86 60 0.832 3
7 67 28 41 364 0.805 10
8 156 141 60 143 0.833 2
9 51 189 157 80 0.830 4
10 167 3.3 162 167 0.808 8

Step 3. Sort the decision candidates based on their sotsiainability status.
For instance, the computation resultsSiep 2are further sorted in the last column of
Table 5.4. In this case stu@tep 2and3 are repeated for 1000 random samples.

Step 4. Aggregate the results of the individual compuoiati for a result
according to the sorting. In this case study, $beting results are aggregated by
calculated a value of “Credit” for each decisiomdi@ate. The rule for such “Credit”

calculation is defined as follows:
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(i) if a decision candidate is in th& 12", or 3% rank out of the 10 candidates
for a single sort, then a 10, 6, or 2 credits Wlgiven to this candidate, respectively.
(i) if a decision candidate is in thé"4 or even lower rank out of the 10

candidates for a single sort, then no credits lvéllgiven to this candidate.

Table 5.5. Monte Carlo simulation results (1,08@0dom samples).
Optimal Budget Distribution (xT®) [ __ ,

Case ulD(tO) uzu(to) usu(to) u4D(t0) Gzone(te) Credif
1 133 35 127 205 0.815 0
2 o8 179 168 54 0.831 452(
3 155 3.2 51 290 0.803 0
4 205 51 47 197 0.816 0
5 235 3.3 26 236 0.803 0
6 94 260 86 60 0.833 73972
7 67 28 41 364 0.807 0
8 156 141 60 143 0.829 2762
9 51 189 157 80 0.830 3326
10 167 3.3 162 167 0.807 0

#Credit=10x (1% rank timeg + 6 (2™ ranktimeg)+ 2 (3 rank timeg

By following this credit rule, the final aggregatesbults of total 1000 individual
computations are obtained and shown in Table 53nce case 6 has the best Credit
among the 10 local optimal cases, it is finallyes&édd as the best possible SD decisions
for the surface finishing centered industrial syst@hat is, the half million budget
should be distributed in $94 K, $260 K, $86 K afd) & to technology modification 1
though 4, respectively, and the best possible éutoibtained with certain budget
be 0.923, 0.801, 0.767 and 0.888 zone based economic,

distribution will

environmental, social and total sustainability, ethhas 5.2%, 4.2%, 29.6% and 10.3%
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improvements from the current value, respectiveMoreover, detailed analysis on the
budget efficiency is given in Table 5.6, which pd®s more information to the
decision-maker, and the zone based sustainabiiiiyavement is demonstrated visually

in the sustainability cube, see, Fig. 5.5.

Table 5.6. Analysis on the budget efficiency.

Technology Budget Need Technology Optimal Budget
Modification Option (x10°$) efficiency Distribution (x16$ )
0 0 N/A
1 N/A 26% 94
1,000 100% N/A
0 0 N/A
2 N/A 61% 260
750 100% N/A
0 0 N/A
3 N/A 27% 86
900 100% N/A
0 0 N/A
4 N/A 31% 60
500 100% N/A
1 -
0.8 |
< 0.6
‘0
o
N 04 -
0.2
(0,0,0)"
Figure 5.5. Sustainability evaluation of the ztweéore and after tech. modification.
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5.2.3 Decision making with non-equal weights on fpie bottom lines

The case study on sustainability improvement deaisnaking of a surface
finishing centered industrial system demonstrated4i2.2.1 and 4.2.2.2 shows the
efficacy of proposed SD decision-making methodologg Monte Carlo based
simulation and system optimization. In its systaptimization step, an equal
emphasis was given on each aspect of the triplenelines, which corresponds to the
objective function of Egs. 5.4 and 5.24. Howewvés, also possible that an SD
decision maker may prefer more benefits on one ftep) aspect of the
triple-bottom-lines than the rest of others. Thitge decision-making method with
non-equal emphasis on the triple-bottom-lines gliad below to illustrate its efficacy
in studying the same surface finishing centeredsihl system.

According to the non-equal emphasis decision-makneghodology introduced
before, the objective function should be consideredthe form of Eq. 5.25.
Supposedly, given the same half million budget dodr potential technology

modification options, an SD decision maker selegts 5, =2 and y= 1in Eq.

5.25 to purse more economic and environmental berteain the social benefits in the
future. In this case, the system optimization stii be expressed by Egs. 5.35
through 5.39. However, the objective functionimdfng the maximum sustainability
of the entire industrial zone in the future has -egomal emphasis on the

triple-bottom-lines:
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G onlt,) = % o) + 2l + (G2 ) (5.43)

As the same in the equal emphasis decision-ma&iadysis, this non-linear
optimization will be solved by using Genetic Algbrn, then the local optimal cases
obtained are recorded as decision candidates apditduom the system optimization
step for further uncertainty analysis in the nexvrité Carlo based simulation. In
Monte Carlo based simulation, eight system uncdits about the future zone
planning are introduced and 1000 random samples taken to recheck the
sustainability performance of these decision caatésl Finally, the computation
results of the individual sample are aggregatedafoesult according to the sorting.
The information of final best possible SD decisiahjch has the best Credit among the

local optimal cases, is given in Table 5.7.

Table 5.7. Best possible decision solutions faraéqnd
non-equal emphasis on each aspect of the tripksiielines.

Optimal B(li(i%ge;)[) istribution Future Sustainability

u(to) | uto) | u(to) | ulte) | Gimmlte) | Gimelte) | Goonelte)
With
equal 94 260 86 60 0.923 0.801 0.767
emphasis
With
non-equal| 52 230 33 185 0.931 0.807 0.713
emphasis

The comparison of future sustainability with eqaatl non-equal emphasis on

the triple-bottom-lines shows that the non-equatisien has better zone based
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economic and environmental performances than thaletgcision results in the future,
which satisfies the preference of the SD decisiamken However, the zone based
social performance obtained by the non-equal datifs quite lower than the equal

decision results in the future.

5.2.4 Target driven decision making

Besides the effort oriented decision-making studi¢se target-driven
decision-making methodology is also applied to shene surface finishing centered
industrial system.  According to the introduced moeiblogy, the target-driven
decision-making analysis via Monte Carlo based &tran and system optimization is
implemented in the following procedure.

Step 1. Set the future sustainability goal of the entm@ustrial zone. In this
case study, a 10% improvement on the zone basaldstgdtainability (i.e., from 0.755
to 0.831) is set as the SD goal for the surfaasting centered industrial system under
the same four potential technology modificationslote that the acceptable region of
such the goal is defined within 0.830 to 0.832, #rel equal emphasis is given to the
triple-bottom-lines.

Step 2. Make a guess on the total effort, and use it ulfillf the system
optimization and Monte Carlo based simulation. Triigal guess on the total budget
is made by the decision-maker as half million, whis the same number in the basic

case study given before. Then the system optinizaand Monte Carlo based
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simulation are implemented as the same shown iradd34.4, which gives the best
possible future sustainability of the whole indigtzone under uncertainties, and the
budget distribution on each option as the sameaae 6 in Table 5.6.

Step 3. Since the best possible future sustainabilityamiatd inStep 2(0.833)
is higher than the future sustainability goal seSiep 1(0.831),the total budget guess
is changed to a lower value, $450 K. With this rtetal budgetStep 2is repeated,
and a 0.829 best possible future sustainabilitpbtined, which is lower than the
desired value. Therefore, the total budget guefisriher changed to $460 K, aStep
2 is repeated again to obtain a 0.830 best podsihlee sustainability.

Since this best possible future sustainability ihww the pre-set acceptable
region, the final total budget guess, $460 K, aaaorresponding budget distribution is
selected as the 10% target-driven decision solsitfon the surface finishing centered
industrial system. The detailed budget distributi® to spend $91 K, $257 K, $68 K
and $51 K to technology modification 1 though 4pectively, and the best possible
future obtained with certain budget distributiodlWwe 0.925, 0.803, 0.756 and 0.830 on
zone based economic, environmental, social and sattainability, which has 5.5%,

4.4%, 27.7% and 9.9% improvements from the cuwahte, respectively.

5.2.5 Discussion on application potentials

The methodology proposed in this chapter is gerferapplying to many types

of SD decision-making analysis. First, given vaseffort options, this methodology
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can help decision-makers determine the optimaktefistribution on each given effort
option for achieving the best possible future gduoatality under uncertainties. The
efforts implemented to the industrial zone systesin be substantial (for instance,
investment) or non-substantial (for instance, n@lcp force). In the case study on
sustainability improvement decision-making of aface finishing centered industrial
system, the efforts are the budget on four typegsedfinology modification options.
Similarly, one can design an SD decision-making bfgm about the product
manufacturing plan selection under uncertaintiesher an industrial zone
decision-maker wants to determine the optimal wdydstributing limited total
investment on several types of product manufaagypians, so that the whole industrial
zone can have the best possible sustainabilityopeence in the future. In this
problem, the efforts are the required investment smveral types of product
manufacturing plans, and the objective is to fiee tbest possible zone based
sustainability in the future by optimally distrilng limited total investment on those
product manufacturing plans under uncertainties.

Second, the proposed methodology can be appli¢gdetanaterial, energy, and
even information flow analysis. In Eq. 5.1, anustfial zone is defined as basic
elements of input-output flow analysis. In gengeitad definition of those flows can be
extended as all types of numerically/symbolicalbantifiable flows, which are about
material, energy, and policy information. Therefathe SD decision-making analysis
can be employed for not only material related imdalszone systems, but also energy

or policy related industrial zone systems, or ettem most complex industrial zone
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systems that are material, energy, and policyedladgether.

Finally, the proposed methodology can be used &th bhe single-time-stage
and multi-time-stage SD decision-making analysisNote that the previous
methodology and case study are all talking abagitsithgle stage analysis. However,
with direct repeat, i.e., implementing the proposeethodology for the current time
stage, after obtaining the SD decision-making smhst setting them as the initial
conditions of the next time stage and implementhy proposed methodology again.
In this way, one can analyze the SD decision-magiogplem of a given industrial zone
system for many time stages, however, since therdusystem information becomes
more and more uncertain when the time stages isioigathe decision solutions

obtained will be more and more less confident.

5.3 Chapter Summary

Industrial sustainability is pursued by people &shieve the long-term
sustainable development (SD) of a given indus@ie. In practice, decisions and
strategies for sustainable development must be mexleewed, and assessed by
industrial planners, business leaders, and invghaommunities from time to time.
However, industrial sustainability problems are ajw difficult to be fully investigated
and further optimized, because of the large sizd aoope that carries highly
complexness, and inevitable uncertainties thaasseciated with data, information, and

knowledge. Therefore, most known studies on soalality decision-making are
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scenario based which heavily relies on the ideattiBcenarios, and is always heuristic.
Moreover, no uncertainty is being considered in imgklecisions, which is inconsistent
with the real situation.

In this section, an approach consisting of both $iystem optimization and
Monte Carlo based simulation is introduced to gulike decision-making process for
more effectively identifying solutions of sustaimdlp improvement. First, the
Extended EIO-based SD decision-analysis is borrowedobtain the potential
modification options. After that, an industrialssainability is described as a system
optimization problem, and a Genetic Algorithm amio is implemented to solve it.
The local optimal solutions obtained from Genetlggkithm approach will be recorded
as candidates for further uncertainty analysis. xtNencertainties are introduced into
the system and Monte Carlo simulation is appliedrécheck the sustainability
performance of each candidate under the introducestrtainties. Finally, the best
possible decisions will be readily identified frothe candidate solutions through
aggregating the results of each individual Montdd&sample for a result.

The main advantage of this approach is its capalof identifying optimal
choice effectively with the consideration of systamcertainties. The proposed
approach is fully illustrated through analyzing thestainability issues and developing
strategies for enhancing the sustainability of amponent-based electroplating
industrial zone, and the potential applicationsulsing the proposed methodology are

further discussed.
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CHAPTER 6
ISEE: ACOMPUTATIONAL TOOL FOR INDUSTRIAL SUSTAINAB ILITY

EVALUATION AND ENHANCEMENT

In the study on industrial sustainability, a magbrallenge is how to conduct
effective sustainability assessment and decisiokimgafor industrial systems towards
high efficiency of material and energy utilizationjnimum waste generation, assured
safety, high-level social responsibility, etc. Bua sustainability assessment and
decision making is a multi-objective and interdiiciary task, which has been greatly
challenged due to the inherent complexity and uacey carried by the industrial
sustainability essential.

Over the past decade, varieties of sustainabil#rics have been introduced for
sustainability assessment, but with various chghenfor being applied on industrial
practices. The key issue is that how to well aslsligpecific industrial sustainability
assessment and decision making problems by usosg tpeneral sustainability metrics,
especially how to evaluate the multi-objective aungbility requests in a systematic,
but also convincing and practical way. For deaisioaking on industrial
sustainability enhancement, it is highly desiralflat solutions can be identified in a
holistic way, which requires the solution approatiould be capable of assessing the
state of short- to long-term sustainability of adustrial system and the identification
of superior solutions for improving system’s sus&ility (Liu et al, 2009).

Therefore, it becomes clear that the industry negdently practical tools that can be
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used to conduct convincing systematic sustainglagisessment on existing processes
and/or new designs, and further to obtain decisapport for necessary system
enhancement or selection of design alternativelsnf@net al, 2010).

To facilitate industrial practice on engineeringstainability, a computational
tool, namely ISEE (Industrial Sustainability Evaioa and Enhancement), has been
designed and presented in this chapter, where @mapsive sustainability principles
are embedded in a systems approach for sustaiyedsbessment and decision support.
The tool is featured by its capability of procegsigystem data and information,
assessing sustainability status quo and predidsnigiture performance, and evaluating
design alternatives using various sustainabilityrioe& Based on the assessment, the
tool is capable of identifying the most desirabésign for sustainability improvement.
The efficacy of the developed tool was demonstratedpplications of a sustainability
assessment of biodiesel manufacturing technologied a short- to long-term

enhancement strategy development for a metal-fimgsbentered industrial zone.

6.1  Tool Development

The developed computational tool, ISEE, has twational modes, namely, the
general sustainability assessment and the decsipport of industrial sustainability
enhancement. The welcome page of the tool is shawfig. 6.1 where these two
functional modes can be selected on the bottont. ofTihe user can run each mode

independently. Detailed methodologies and destgictsires of each tool mode are
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given in the following sections.

L 'abj]ity
f pn Making

fuiltiscale Com) plex Systems
D d Enginee ing

e University

\ ‘
o )
Assessment '.:"‘.

¥

Figure 6.1. Welcome page of the computational, «SHE.

6.1.1 A double-layered sustainability assessment thedology

The most widely utilized sustainability metrics llye chemical and allied
industry, i.e., the IChemE (IChemE, 2002) and AlGRIBbbet al, 2009) sustainability
metrics, are adopted in the tool to conduct thetirobljective sustainability assessment
requests. These metrics are grouped for assessiogomic, environmental, and
social sustainability (so called the triple-bottéines of sustainability), and in each of
these three categories, different numbers of indisa are assigned for the

representation of various evaluating aspects. sBess the sustainability of a system
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systematically by using those general metrics, albliplayered sustainability
assessment is proposed as follows, where the thgharbottom layer are well designed
for conducting two different tasks towards themtéite assessment goal.

Top layer The task of this layer is to derive the compos#conomic,
environmental, and social sustainability. For thestainability assessment of an
industrial system name@, we assume that a set of sustainability metriamely setS
has been defined or selected by the user. Theameirstem is denoted as:

s={E, v, L}, (6.1)
where

E ={Ei li= 1,2,[D]J]F}, the set of economic sustainability indices,

\Y

{Vi |i= 1,2,D1]J]G}, the set of environmental sustainability indices,

L

{Li |i= 1,2,D]D]H}, the set of social sustainability indices.

By using the above-defined indices, the compostnemic, environmental,
and social sustainability of systecan be assessed in the following three steps: (i)
dimensional data specification, (ii) data normdl@a and (iii) composite sustainability
calculation.

The first step is to specify dimensional data fache selected economic,
environmental, and social sustainability indicatoNote that different indicators have
different units usually. Therefore, they must lmemalized in order to be combined
into a single composite sustainability value.

In the second step for conducting normalizatioe, dimensional data of each

indicator should be transferred into a value inrdnrege between 0 and 1, with "0" as the
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lowest state of sustainability, and "1" as the bgjlstate of sustainability. In detail, if
the engineering meaning of one indicator for sysEP,nh(P), shows that a large value
is more preferable from the sustainability pointvaw, then the normalized indicator,

I(P), can be derived using Eq. 6.2.

(P)=- | (F()z,)__lTi”_(F()l) : ©2)

max min

where | can be any indicator of,, V,, or L, and I, (P) and I _(P) are the

lower and upper bound values d)(P), respectively. Details about how to identify
boundaries depend on the user's preference, whikhoev discussed later. On the
contrary, if the engineering meaning of one indcat (P) shows that a small value is
more preferable from the sustainability point ofwj then Eg. 6.3 should be used to

derive the normalized indicator, (P).

e)= ©9

The last step of the top layer is to calculate twmposite economic,

environmental, and social sustainability for syst®m This can be conducted by
combining the normalized indicators in the samedasunability category with assigned

weights, i.e.,

> aE (P)

E(P)=4L——, (6.4)
&

E
i=1
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V(P)=¥, (6.5)

L(P)= = (6.6)

wherea;, b, andc; [ [1, 10] are the weighting factors associated wh#ncorresponding
indices, reflecting the relative importance of tiedividual indices in overall
assessment.

Bottom layer The task of this layer is to obtain the ovesaitainability. To
achieve that, the cube-based sustainability stgieesentation proposed by Pilietaal
(2010) is adopted and illustrated as follows. Phaposed concept of a sustainability
cube is shown in Fig. 6.2, where the three cootdmaepresent the composite
economic index, the composite environmental indad the composite social index.
Each composite index is set to have a value bet@gareaning no sustainability) and 1
(meaning complete sustainability). With this regamatation, the corner coordinate of
(O, 0, 0) represents the system’s status of naasadiility, while the opposite corner
having the coordinate (1, 1, 1) indicates compkistainability. In the figure, the

point, S(P), represents the overall sustainability status ysftesn P, which can be
evaluated using the composite indic&(P), V(P), and L(P), with the weighting
factors assigned again by the user, i.e.,

e, ) P
= 5

, (6.7)

wherea, 5, andy each has a value of 1 (default). Natural§(P) is still normalized.
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1
Composite econ. index
(1,1,1)
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Figure 6.2. Cube-based sustainability evaluation.

6.1.2 Designed tool structure for sustainability esessment

The double-layered sustainability assessment metbgg proposed above is
implemented in the development of a user-friendbl tnode of ISEE, which allows the
user to conduct the sustainability assessmentddows industrial systems of interest.
In this regard, the computational tool was desigimed unique assessment framework

given in Fig. 6.3, which contains nine sequentiatjss described as follows.
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1. Sustainability metric set selection

\ 4

2. Indicator selection

A 4

3. Weighting factor adjustment

A 4

4. Alternative specification

\ 4

5. Data input
Top Layer
| Y |
i | 6. Composite sustainability calculatigh—>| 7. Composite sustainability illustration
.’::::::::::::v:::::::::::::::::::::::::::::::::::::.
8. Overall sustainability calculatiop » 9. Overall sustainability illustration

Bottom Layer

Figure 6.3. Flowchart of the double-layered susthility evaluation framework.

Based on individual preference, the user is fibde @0 select one of the widely
utilized sustainability metric sets among the ICEe(ftChemE, 2002), AIChE (Cobét
al., 2009), and several other sustainability metoosthe page shown as Fig. 6.4.
When the metric set was selected, all the tripligeino-line indicators associated with
this set will be shown (see Fig. 6.5 as an examplBlpte that not all those available
indicators are suitable for the assessment of waritypes of industrial systems.
Therefore, the user is allowed to remove thosdewemt indicators to the assessment
problem being studied by making their state buttonselected. When this step is

done, the total numbers of economic, environmeatal, social sustainability indicators
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in Eq. 6.1 are set, and only those selected indlisatill be editable shown in the

following assessment procedures.

Jcenenl =lolx

File

Sustainability Evaluation and Enhancement of Industrial Systems

(General Purpose)

This tool contains a number of sustainability metrics systems for the user to choose for sustainability assessment of svstem alternatives and to
derive solutions for decision making on sustainability enhancement. You can select only one task at a time

Sustainability Assessment
Metrics System Selection
& |ChemE Metrics
' AIChE Metrics
© Economic Sustainability Assessment: Net Profit Analysis Based

© Environmental Sustainabiity Assessment EPA-WAR Algonthm Based

E
© Social Sustainability Assessment Process Safety Based

raraeet] P e T

Figure 6.4. Page design for sustainability assestmmetric set selection.

L5
File »
Please select sustainability indicators
Economic Indicators Environmental Indicators
Profit, Value, and Tax Resources Usage
Value added ($iy) @ | Energy
Walue added per unit value of sales ($4y) @& | Total net primary energy usage (GJfy) @
Value added per direct employee ($fy) © | Material {excluding fuel and water)
Gross margin per direct employee ($47) & | Total raw materials used per kg product (ka/ka) @
Return on average capital employed (%/y) & | Total raw materials used per unit value added (kg/$) [
Taxes paid, as percent of net income before tax (%) | Fraction of raw materials recycled within company (ka/kag) (o
Investments Fraction of raw materials recycled from consumers (kg/kg) [l
Percentage increase (decrease] in capital employed (%) @ | Hazardous raw material per kg product (kafkg) (o]
R&D expenditure as percentage sales (%) © | Water
Employees with post-schoal qualification (%) @& | Netwater consumed per unit mass of product {kgflag) (o]
MNew appointments per number of direct employees (%) @& | Netwater consumed per unit value added (kgi$)
Training expense as percentage of payroll expense (%) © | Land
Investrment in education per employes training expenses ($/$) ¢ | Total land occupied and affected per unit value added (mzf(ﬂsfv)) @
Charitable gifts as percentage of netincome before tax (%) @ | Rate of land restoration {restored per yearitotal) ((mz/y)frHQ) &
Help Continue Indicator Selection Back to IChemE Back to Main Menu

Figure 6.5. Page design for sustainability assessnndicator selection.
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Next, the user is able to adjust the weighting dectcorresponding to each
selected indicator (see Fig. 6.6 as an examplefljusted weighting factors will be
recorded and used for calculating composite suabdity index given in Egs. 6.4 to 6.6.
For the convenience of comparing different indasfprocesses and/or design scenarios,
the tool is capable to conduct assessment for upfit® design alternatives
simultaneously. In this regards, the total nundfedesign alternatives to be involved
is asked on in the page shown in Fig. 6.7. THemptges of data input are posted (see
Fig. 6.8 as an example), where the selected tbpteem-line indicators are listed as
rows and those design alternatives specified byuiee are organized as columns (five

design alternatives in this case, named from A)to E

File L]

Please select sustainability indicators

Economic Indicators Environmental Indicators
Profit, Value, and Tax Resources Usage
Value added ($hy) |1_ Energy
Value added per unit value of sales ($4y) |1— Total net primary energy usage (GJfy) “1_
Value added per direct employee ($fy) Material (excluding fuel and water)
Gross margin per direct employee {$iy) |1_ Total raw materials used per kg product (kafkg) |1_
Return on average capital employed (%/fy) |1_ Total raw materials used per unit value added (kg/$) |1_
Taxes paid, as percent of net income before tax (%) Fraction of raw materials recycled within company (kgfkg)
Investments Fraction of raws materials recycled from consumers (kgfkg)
Fercentage increase (decrease) in capital employed (%) |1_ Hazardous raw material per kg product (kgflg) l‘l_
R&D expenditure as percentage sales (%) Water
Employses with post-schoal gualification (%) |1— Met wiater consumed per unit mass of product (ko/kg) l‘l_
MNew appointments per number of direct employees (%) |1— Met water consumed per unit value added (kg/$)
Training expense as percentage of payroll expense (%) Land
Investment in education per employee training expenses ($/§) Total land occupied and affected per unit value added (m2f($fy)) l‘l_
Charitable gifts as percentage of netincome before tax (%) |1— Rate of land restoration (restored per year/total) ((rnzly)fmz) l‘l_

Help Continue YWeight Change Back to Indicator Selection Back to Main Menu

Figure 6.6. Page design for sustainability assessnwveighting factor adjustment.
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i
.

File

Please enter the number of

the system alternatives to be assessed: (five is the maximum)

Help Go to Data Input Back to Weight Change Back to Indicator Selection Back to Main Menu

Figure 6.7. Page design for sustainability assessnotal number of design
alternative specification.

iE%

File ~

Please input values for the following Econmamic indicators

Process-Product Designs Boundary
A | B | c | D | E Specification
Economic Indicators Lowver Upper
Profit, Value, and Tax
Yalue added [$4y)
Value added per unit value of sales ($iy)
Value added per direct employes ($iy)
Gross margin per direct emplovee ($#y) | | | | | fe | o |
Return on average capital employed (%afy) | | | | | fe | s |
Taxes paid, as percent of net income before tax (%)
Investments
Percertage increase (decrease) in capital employed (%) [ [ | | [ of of
RE&D expenditure as percentage sales (%)
Employees with past-schoal qualification (%) [ [ | | [ of cf
New appointments per number of direct employees (%) [ [ | | [ of of
Training expense as percentage of payroll expense (%)
Investment in education per employee training expenses ($/$)
Charitable gifts as percentage of netincome before tax (%) | | | | | e | ol |
Help | Save Data and Go to Next Step | Back to Alternative Selection | Back to Main Menu |

Figure 6.8. Page design for sustainability assessndata input.
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On each page of data input, the user should giadicd number in each data cell
corresponding to each selected indicator and easigl alternative. Those input
values will be recorded and used for calculatingngosite sustainability given in Egs.
6.4 to 6.6. Note that the lower and upper boumedatsed in Egs. 6.2 and 6.3 for
indicator normalization can be specified in the wabumns for boundary specification
located on the right of this page. In detail, wlaewmalue is given in each of these two

cells on the row of indicator (P), it will be recorded asl . (P) or I,,(P) and used

in Eqgs. 6.2 or 6.3. Note that, the user may chdosspecify one of these two

boundaries, or even leave both of them unspecifiéthder this situation, the  (P)

and/or Imax(P) undefined by the user will be automatically assijbby the tool under

the following algorithm.

l.(P)=min{1,(P},i=1,2,...,upto 5 (6.8)

lP)=max{l,(P},i=1,2,..,upto5 (6.9)
wherei is the total number of design alternatives, angP) is the value of the i-th
alternative of this indicator.

After the user inputs data for all the selectegleérbottom-line indicators of
each design alternative, the calculation of contposustainability (top layer) and
overall sustainability (bottom layer) given in E¢s4 through 6.7 will be automatically
conducted by the tool. The assessment results whikrbe demonstrated on the
following two tool pages. First, three spider-deamwill be illustrated for the

representation of indicator-based economic, enwmemtal, and social sustainability on
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the page given in Fig. 6.9. On each spider-chhegs with numbers represent those
selected indicators, where on each of them has ad®al values marked in different
colors for each design alternative. By checkirgdharts, the user can easily compare
the sustainability performance between designrateres by any indicator. To view
the overall sustainability, the page given in F&10 can be called, where the
table-based composite and overall sustainabilgssment results are given on the left,
and the same assessment results are visuallyatadtin the cube-based (3-D rotatable)
figure on the right. With that, the user can gastbmpare design alternatives and

choose the best one as decisions.

=]
File N
1 1 1
21 2
13 2 9 2
20 3
14 6
10 4 8 3
13 7
9 5 2 3 7 5
7 " 10 6
Economic Sustainability Envirenmental Sustainability Social Sustainability
Alternative A: ___ Alternative B: __ Alternative D: ___
Chart for Individual Alternative | Chart for Individual Alternative | Chart for Individual Alternative
Indicator Index: =-onomic Sustainabi\iw%l Environmental Sustainability | Sacial Sustainability
Economic Sustaiability
1. Value added 11. Training expense as percentage of payroll expense
2 Value added per unitvalue of sales 12. Investment in education per employee training expenses
3 Value added per direct employes 13 Charitable gifts as percentage of net income before tax

4 Gross margin per direct employee
5 Return on average capital employed
6. Taxes paid, as percent of net income before tax

T Percentage increase (decrease) in capital employed Back to Data Input

8. R&D expenditure as percentage sales

9. Employess with post-school qualification o it
10 Mew appointments per number of direct employees Serallsustaingblity

Figure 6.9. Page design for demonstration of susbdity assessment results:
indicator-based spider-charts.
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<) results
File:

=101

Assessment Results

Process-Product Designs 1.1.1)
1
A B c D E
0.8+ |

Social

Overall
8 1

05 0.5

10

Econ

Environ

i Environmental
Economic

Help Back to Indicator Slection | Back to Alternative Slection | Back to Data Input | Back to Spider Charts | Back to Main

Figure 6.10. Page design for demonstration ofaguesbility assessment results:
composite and overall sustainability.

Note that the whole assessment framework descrideove is designed

extremely flexible: the user can go back to anyiogs stages at any assessment stage,

which allows him to modify the assessment schemdata in the most convenience.

In addition, there are functional menus are buttbesgned on each page for the user to

directly view help information, save the assessrfiBntand print the page out.

6.1.3 Methodology of decision support on industriasustainability enhancement

The second functional mode of the tool is the degisupport on industrial

sustainability enhancement. Using this mode, thetisns of industrial sustainability



184

enhancement can be identified in a holistic wayictvithe solution approach is capable
of assessing the state of short- to long-term swadtdity of an industrial system and the
identification of superior solutions for improvisgstem’s sustainability.

To assess the state of short- to long-term sudtiitysof an industrial system,
there are three tasks: (i) sustainability evalumatod the current system, (ii) system
analysis and short- to long-term enhancement glyaproposal, and (iii) short- to
long-term sustainability prediction of enhancemaans.

The first task is actually a single sustainabildgsessment of an industrial
system. Therefore, the double-layered assessmethionology proposed before can
be directly applied. The second task is to idgntle causes of the unsatisfied
sustainability state, and then propose correspgndiort- to long-term enhancement
strategies by focusing on them. To identify theises, the decision maker has to

specify composite economic, environmental, andadalgvelopment goals, namely:
ES"(P) = the economic sustainability goal for system P
VSp(P) = the environmental sustainability goal for system

LS"(P) = the social sustainability goal for system P
In addition, the decision maker should set satigfaclevels about the system
performance by giving the maximum acceptable dmnatof the system sustainability
performance from the pre-set goals, namgly,ny, ands.. They could be set to, for
example, 5% each. If any of the following ineqted holds, this composite

sustainability category will be considered as asedor further enhancement:

E(P;0)<(1-#:)E*(P), (6.10)
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V(P;0)<(1- 5, V*(P), (6.11)

L(P;0) < (1- 5 )L(P), (6.12)
where E(P;0), V(P;0), and L(P;0) is the calculated composite sustainability of the
current industrial system;(1-5.)E®(P) , (1-5,)V®(P), and (1-#,)L*(P)
represents the minimum acceptance of each commstainability state, respectively.
Then, different short- to long-term enhancemeratsgies can be proposed by focusing
on those identified causes, which surely will gaféective sustainability improvement.
Note that the decision maker may need various teahapproaches for the proposal of
potential enhancement strategies, i.e., empiriwdgments, brainstorming, discussion,
optimization, etc., and the details of using thémmwvever, are out of the range in this
chapter. The last task is again the sustainabdggessment of industrial systems,
which can be conducted by using the double-layesedtainability assessment

methodology.

6.1.4 Designed tool structure of decision supportnoindustrial sustainability

enhancement

A user-friendly computational tool mode was develbpin ISEE by
implementing the enhancement methodology propobetiea The designed decision
support framework by the tool is given in Fig. 6.%hich contains seven sequential

stages as follows.
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1. Sustainability metrics selection

l

2. Sustainability goal specification

A 4

3. Current sustainability assessment

A 4

4. System analysis

All sustainability
goals are satisfied?2

No

Stop enhancement procedufe

v

5. Enhancement plan proposal

A 4

Suggestion for

e 6. Short- to long-term sustainability prediction
plan modification
A l
No All sustainability
goals are satisfied?
Yes

A 4

7. Enhanced sustainability demonstratipn
for decision making

Figure 6.11. Flowchart of the sustainability endeanent framework.

At the first stage, desired triple-bottom-line icaliors are required to be selected
for sustainability assessment. After that, ther useasked to specify sustainability
goals and deviation parameters, name#?(P), V=(P), L*(P), 7, v, andr., see
Fig. 6.12. Then, the user should give data of emsessment indicator of the current
industrial system, and the current sustainabilitgtes will be evaluated. Next,

conditions of Eqgs. 6.10 to 6.12 will be inspectedf. all the minimum acceptances of
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sustainability goals are already satisfied, reconuagon of stop the enhancement
procedure will be given to the user. Otherwiseg ttauses of the unsatisfied
sustainability state will be highlighted, which chelp the decision maker to propose

short- to long-term enhancement strategies.

File Edit View Insert Tools Deskfop Window Help §

Sustainability Goal Setting

Please specify the following sustainability goals:
1. Economic sustainability goal (must be a number between 0 and 1)
2 Environmental sustainability goal (must be a number between 0 and 1)

3. Social sustainability goal (must be a number between 0 and 1)

Please specify the maximum acceptable deviations of the system sustainability performance from the pre-set goals:
1. To economic sustainability goal (must be a number between 0 and 1)

2. To environmental sustainability goal (must be a number between 0 .and 1)

11

3. To social sustainability goal {must be a number between 0 and 1)

NEXT RETURN

Figure 6.12. Page design for sustainability enbarent decision support:
sustainability goal setting.

The user should then specify the total number bhanement plans (up to three)
and active time stages being interested amongwvhiable short, mid, and long terms
for sustainability prediction, see, Fig. 6.13. Nelata of each triple-bottom-line
indicator after implementing each enhancement pldh be input at selected time

stages by the user, and the enhanced sustainasiititgs will be calculated. The
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sustainability states of the current system, mimmacceptance, and the enhanced
states by each plan at each time stage will benginea table. By comparing those
values, the satisfaction of each sustainabilityl gé@r implementing each plan can be
easily judged. In addition, the development pabfissnhancement plans will be
demonstrated in the cube-based (3-D rotatableydidar decision-making (see, Fig.
6.14 as an example having three enhancement plehtheee time stages in short- to
long-term). With that, the decision maker shoudddble to identify the best suitable
enhancement strategy. Note that if the user wentsodify any enhancement plan
after running this entire procedure, especially wisme plans cannot satisfy all

sustainability goals, he can go back to the pressjmages to make changes directly.

o

File Edit WYiew Insert Tools Desktop Window Help

Sustainabkility Prediction Setting

Please provide the total number of enhancement plans to be predicted: {must be an integer from 1 ta 3)

Please select the time stages to be used for sustainability prediction:  Short-term period &
Mid-term period &

Long-term period &

NEXT RETURN |

Figure 6.13. Page design for sustainability enaarent decision support:
total number of plans and term stage specification.
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eIt
,

File
Short-term /\
Current |  Minimum e (1.1,1)
PlanA | PlanB | PlanC 1 -

acceptance

Econ 0.8 Ty
Environ
Social I g
Qo

Overall @ 044

Mid-term Long-term 02 A

PlanA | PlanB [ PlanC | PlanA | PlanB | PlanC / \\\\\
Econ 9= /‘ 1
Environ \?\ﬁ/ — 05
Social ; LG Environmental

Economic

Overall

Help Back to Indicator Slection | Back to Alternative Slection | Back to Data Input| Back to Spider Charts | Back to Main

Figure 6.14. Page design for sustainability enbarent decision support:
enhanced sustainability and development path dematios.
Similar to the design of assessment tool mode,uder can go back to any
previous stages at any step when conducting theaisability enhancement.
Moreover, the user can view help information, séiles, and print data by using

designed functional menus and buttons on each page.

6.2  Tool Applications

The developed ISEE tool has been tested by quiteynradustrial problems

successfully. Among them, two applications are aestrated in this section to show

its efficacy. The first one is a sustainabilitysessment of biodiesel manufacturing
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technologies, and the second one is a short- tetenid enhancement plan development

for a metal-finishing-centered industrial zone.

6.2.1 Sustainability assessment of biodiesel mancfaring technologies

In this application, the sustainability performanad three biodiesel
manufacturing technologies at the fixed producttapacity of 50,000 tons/year was
evaluated by using the tool mode of general sustbdity assessment. Those three
technologies are briefly introduced as follows, ethieach shows some potential
advantages and disadvantages from the sustaigapdint of view. Therefore, the
sustainability performance of each technology usestrbe carefully evaluated in order
to compare them comprehensively.

Technology AAcid-catalyzed process. This process can genbratkesel by
using waste cooking oil as the feedstock, which &asuch cheaper price than the
traditional feedstock, vegetable oil. Acid cataéligsneeded by this technology, which
will cause solid waste generation. More importgritis process is not sensitive to
both water and free fatty acids in the feedstodia(@et al, 2003).

Technology BAlkali-catalyzed process. This process requiregivivegetable
oil as feedstock for the production of biodieseblkali catalyst is needed by this
technology, which will cause solid waste generatiofhe limit of this process is the
sensitivity of the system to both water and fragyfacids in the feedstock, which must

be will operated in order to ensure smooth producfiVestet al, 2008; Apostolakoet
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al., 2009).

Technology CNon-catalyzed process. This process requires ablgebil as
the feedstock for the production of biodiesel. Id@er, no catalyst is needed by this
technology, which will cause no solid waste genenat Instead, this process requires
a super-critical condition of methanol for the wasterificaiton reaction to happen,
which corresponds to a high temperature and pressand indicates great energy
consumption and potential safety issues (Sargaah 2009; Glisic and Skala, 2009).

In using the developed tool mode for this sustalitalassessment, the IChemE
(IChemE, 2002) sustainability metric set was seléctvhich contains 14 economic
indicators, 24 environmental indicators, and lliadomdicators. Considering their
relevance to this application, eight economic iathes, 15 environmental indicators,
and seven social indicators were picked up amomgethavailable indicators for
conducting the assessment. The default-weightintpf, namely, "1" was assigned to
each selected indicator and the total number afjdesdternatives was specified as "3",
which tells the tool to assess those three biolliesanufacturing technologies
simultaneously. Then, data of each selected itmlicare input for each design
alternative and the boundaries of each indicatoewpecified as well, where the details

are listed in Table 6.1 through 6.3.
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Table 6.1. Data of economic indicators for biodlesanufacturing technologies.

Technology Boundary
Economic Indicator Specification
A B C Lower Upper
Value added (M$/yr) 1.38§ 1556 1.445 1.000 N/A
2{$a/l)lljr§ added per unit value of saleo_16 018 017 0.10 N/A
Gross margin per direct employaeo_216 0222 0224  0.15¢ N/A
(M$/yr)

Return on average capital

employed (%/yr) 3.10 3.23 3.01 2.00 N/A

Taxes paid, as percent of net

income before tax (%) 50 50 50 N/A N/A

Percentage increase (decrease) in

capital employed (%) 0 0 0 N/A N/A

R&D expenditure as percenta

je
sales (%) 3.20 3.03 3.24 3.00 3.50

Investment in education p¢

n "88330 | 88330/ 8833( 0 100000
employee training expense ($/$

Table 6.2a. Data of environmental indicators
for biodiesel manufacturing technologies.

Technology Boundary
Environmental Indicator Specification
A B C Lower Upper
(TOt"’}' )”et primary energy Usages,oae | 72246 82463 N/A| 80000
GJlyr T
Total raw materials used per kg 1.09 1.92 106 N/A 150
product (kg/kg) ' ' ' '

Total raw materials used per unit

value added (kg/$) 6.65 6.66 6.49 N/A 9.00

Fraction of raw materials recycled

within company (kg/kg) 0 0 0 0 N/A

Hazardous raw materials per

Kg
product (kg/kg) 022 | 024 | 010 NA 0.50

Net water consumed per un|t181'O 25071  230.9 N/A 400.0
mass of product (kg/kg)

Net water consumed per unit

value added (kg/$) 0.16 0.27 0.25 N/A 0.30

Total land occupied and affected
per unit value added @($/yr))

0.042 | 0.050| 0.039 N/A 0.500
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Table 6.2b. Data of environmental indicators
for biodiesel manufacturing technologies (cont'd).

Technolo Boundary
Environmental Indicator 9y Specification
A B C Lower Upper

Atmospheric acidification burden
per unit value added (t/$) 0 0 0 N/A N/A
Global warming burden per unit
value added (t/$) 0 0 0 N/A N/A
Human health burden per unit
value added (t/$) 0 0 0 N/A N/A
Ozone depletion burden per unit 0 0 0 N/A N/A

value added (t/$)

Photochemical ozone burden g

e
unit value added (14/%) b.o10 | 0.116] 0.006 N/A 0.589

Hazardous solid waste per unit
value added (1&/$) 0.086 | 1.65 0 N/A 4.3

Non-hazardous solid waste per

unit value added (1/$) 0 0 0 N/A N/A

Table 6.3. Data of social indicators for biodies@nufacturing technologies.

. . Technology Bou.r!dar_y
Social Indicator Specification
A B C Lower Upper

Benefits as percentage of payrol!z5 26 | 55.76 55.76 0 N/A
expense (%) ' ' '
Employee turnover per number7 14 734 754 0 8.00
employed (%) ' ' ' '
Working hours lost as percent of
total hours worked (%) 11.51 | 1151 12.33 0 15.00
Expenditure of illness & accident
prevention per payroll expense0.86 0.60 0.70 0 1.00
($/%)
Number of stakeholder meetings
per unit value added (£05) 380 | 350 357 0 4.00
\':';L“ebz(rj d‘;fd ‘(‘i?e%";'a'ms per unitg010| 0.019| 0029 0 0.025

Using the data, the tool calculated the composittagnability (top layer) and
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overall sustainability (bottom layer), where theges for result demonstration are
captured and illustrated in Fig. 6.15. Figure 6.84bows three spider-charts
demonstrating indicator-based economic, environalerdind social sustainability
results in different colors for each design altémea It is clear that alternative B
(acid-catalyzed technology) is better than the othe technologies in terms of most
economic indicators, and alternative A (alkali-tatad technology) is the best in terms

of most environmental and social indicators.

<) SpiderChart
File

5 1 9 5
Economic Sustainability Environmental Sustainability Social Sustainability
Alternative A: ___ Alternative B: ___
Chart for Individual Alternative | Chart for Individual Alternative | Chart for Individual Alternative
Indicater Index: ?EEé'n'bllhiEgﬁgté'\Ha"bi'i'it'{izl Environmental Sustainability | Social Sustainability
Economic Sustaiability
1. Walue added 11, Training expense as percentage of payroll expense
2 “Walue added per unit value of sales 12 Inwestment in education per employes training expenses
3 Walue added per direct employes 13 Charitable gifts as percentage of net income before tax

4 Gross margin per direct employes
5 Return on average capital employed
6 Taxes paid, as percent of net incomes before tax

7. Percentage increase (decrease] in capital employed Back to Data Input
8 R&D expenditure as percentage sales

9 Employees with post-schoal qualification Overall Sustainability
10. New appointments per number of direct employees

Figure 6.15. Sustainability assessment resullsasfiesel manufacturing technologies:
indicator-based spider-charts.

Figure 6.16 gives the table-based assessmentgefuttomposite and overall

sustainability and the cube-based result visuatimatwhere the best categorized
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sustainability states can be directly read as redtere B for composite economic
sustainability (0.880), and alternative A for compe environmental sustainability
(0.902), composite social sustainability (0.625nd aoverall sustainability (0.773),
respectively. With that, we can easily compares¢hthree biodiesel manufacturing
technologies with different aspects for making decis. For instance, the
alkali-catalyzed technology (alternative A) is thest choice for pursuing the overall
sustainability, and the acid-catalyzed technologte(native B) and the non-catalyzed
technology (alternative C) have nearly the samékaad overall sustainability, while
the acid-catalyzed technology is better than the-cadalyzed technology in terms of

economic sustainability, but worse in terms of emwinental sustainability.

File:

Assessment Results

Process-Product Designs <\*1_1,1)
4 s

A B 5 /
08 \‘\—i/
Econ 07671 | 08800 | 0.7820
______ | —{————pA

06— —

Emviron | 09022 | 07303 | 08086 2 e — __(_»_—_—_—_HCE,
=]
w

Social | 06250 | 05084 | 05046 I|}

0.2+ = |
e e L |
07731 | 07218 | 07118 / =Tl
Overall \ﬁ i

Environmental

Economic

Help Back to Indicator Slection | Back to Alternative Slection | Back to Data Input | Back to Spider Charts | Back to Main

Figure 6.16. Sustainability assessment resullsasfiesel manufacturing technologies:
composite and overall sustainability.
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6.2.2 Short- to mid-term enhancement plan developme for a metal finishing

centered industrial zone

A short- to mid-term enhancement plan developmenbr fa
metal-finishing-centered industrial zone by Piles@l (2010) was adopted and applied

by using the developed tool mode of industrial ansibility enhancement.

Suppliers : Tier | Manufacturing OEM
(Chemicals) | (Metal Plating) : (Automotive Assembly)
|
! :
Zn Hl. Zn IZn H3_ Zn Zny Hs .
r (Chemical | P; (r31 | (Plating P (rs3) - | (Automotive P2 N
Supplier 14 | Shop HE OEM 5
#1) : #1) I #1) 1
I
|
! fos J e
: 1|54 } Product
f Zn 1
| 35 1 ®
1 Zn 1
1 r3,2 1
Zn H2_ PZn ! Zn H4_ Pzn 1 HG .
I (Chemical | T2 | ' L a2 (Plating 4 I ¢ ,| (Automotive > pZn J
Supplier X Shop I zn OEM 8
#2) I y o4 #2)
! 1
! 1
! I
! I
! 1
! I
! ]
| 1 » Zn
»> 3\
1 | le
: t > W,
1
| T W >Waste
I : >W,/"
| z
I : — W,
! I

S WGZ n J

Figure 6.17. Surface finishing industrial region.

Problem Description The industrial zone under study is sketched in €iy7.
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This industrial zone consists of two chemical sigsplto the electroplating plants (H1
and H2), two electroplating shops (H3 and H4), emd users, in this case, two original
equipment manufacturers (OEM) for the automotivdusiry (H5 and H6) and a
regional wastewater treatment facility (WWTF). TWWWTF is charged with cleaning
the waste streams, from each of the componentg)lama level that is environmentally
satisfactory for discharge into the local river aedvironment. This study is to
investigate the sustainability level of the indistrzone, and then to develop and
compare effective plans for sustainability enhareem

Sustainability metrics selection A subset of 11 indicators of the IChemE’s
sustainable development progress metrics has ected as follows for conducting
sustainability assessment.

(a) For economic sustainability assessment, thectsl indicators are: (1)
Value addedx: ;), which is defined as the difference of the saled the total cost of
goods, raw materials (including energy), and sessipurchased, (2) Gross margin per
direct employeex ), which is defined as the ratio of the differeetween the sales
and all the variable costs and the number of dieeaployees, (3) Return on average
capital employedx 5, and (4) Taxes paid as a percentage of net indoef@re tax
(Xe,q)-

(b) In the environmental sustainability categooyrfindicators are selected: (1)
Total raw materials used per Ib. product producgd),(which is the ratio between the

pounds of raw material used and the pounds of ptoplwduced, (2) Fraction of raw
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materials recycled within a company; ), (3) Fraction of raw materials recycled from
consumersy, 3), and (4) Hazardous solid waste per unit valueeddd, ).

(c) In the social sustainability assessment catedbe suitable indicators are:
(1) Lost time accident frequency {), (2) Number of stakeholder meetings per unit
value addedx,), and (3) Number of complaints per unit value atifkes).

Sustainability goal specification For this tool application, the economic,
environmental, and social development goals, i&*?(P), V*(P), and L*(P) are
specified as 0.55, 0.35, and 0.55, respectively. addition, the maximum acceptable
deviations of the system sustainability performafmoen the pre-set goals, namel,

v, and . are set as 5% each. Note that the minimum aaueggacan then be
calculated as 0.523, 0.33, and 0.523 for econoraityironmental, and social
sustainability category, respectively.

Sustainability assessmentData of of each assessment indicator of thesotirr
zone are input in the tool. Then, the tool cal@dahe current sustainability states,
where the results are collected and listed in Téble It shows the current composite
economic, environmental, and social sustainabiitythe zone is 0.570, 0.147, and
0.342, respectively.

System Analysis With the current sustainability results, thetaumability goals,
and the maximum acceptable deviations, the inepmlin Eqgs. 6.11 and 6.12 hold.
Therefore, the composite environmental and soaiatasnability categories will be

treated as the causes of the current system fitreiuenhancement.
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Table 6.4. Sustainability assessment of the cumeme (at Year 0).

: _ Categorized Overall
ECON Input data | Normalized| Weighting Sustainability| sustainability,
indicators| (dimensional)  value factor E(P'O) S(P'O) )
Xe.1 10.0 0.833 0.10
Xe.2 690.0 0.690 0.30
Xe.3 25.0 0.250 0.30 0.570
Xe.4 32.0 0.681 0.30
, _ Categorized
ENV Input data | Normalized| Weighting Sustaignatl)zility
indicators| (dimensional)  value factor V(P'O) ’
Xv.1 1.06 0.116 0.15
Xy.2 0.08 0.080 0.35
Xo3 0.02 0.020 0.35 0.147 0.393
Xv.4 3.70 0.630 0.15
: o Categorized
SOC Input data | Normalized | Weighting Sustaignatl)zility
indicators| (dimensional))  value factor L(P'O) ’
X1 11.4 0.430 0.30
X2 2.2 0.220 0.35 0.342
X3 30.6 0.388 0.35

Enhancement strategy proposalThe results of the system analysis are useful
in identifying areas that require improvement amovigle aid in future zone planning
decisions for sustainability enhancement. For taise, the strategy for sustainable
development must follow the form where economidainability will achieve a steady
improvement, while the environmental and socialtanability aspects should be
significantly enhanced. In order to achieve thiscome, two improvement plans are
proposed in Table 6.5 (where the data providethesdimensional input data for each

scenario at two time stages of interests, namayshort- term from year 1 to 3, and the

mid-term from year 4 to 6).
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Table 6.5. Sustainability enhancement Plan A and B

Improvement Focus Current Short- Mid-
(Year 0) term term
(Year 3) | (Year 6)
Plan A
Main plan for environmental sustainability improvemn
* Fraction of raw materials recycled within a 0.08 0.22 0.30
company Xv.2)
* Fraction of raw materials recycled from 0.02 0.15 0.25
consumersxs)
» Hazardous solid waste per unit value addgg (| 3.7 1.5 1.4

Main plan for social sustainability improvement

* Lost time accident frequency () 11.4 7.0 6.2
» Number of complaints per unit value added)( | 30.6 17 12
Plan B

Main plan for environmental sustainability improvemt

* Fraction of raw materials recycled within a 0.08 0.15 0.35
company Xv.2)

 Fraction of raw materials recycled from 0.02 0.10 0.32
consumersx 3)

» Hazardous solid waste per unit value addeg (| 3.7 3.2 1.2

Main plan for social sustainability improvement

* Lost time accident frequency () 11.4 9.8 3.0

» Number of stakeholder meetings per unit value 2.2 2.2 5.4
added X; »)

* Number of complaints per unit value added)( | 30.6 25 6

The two plans are very similar, with the exceptioh one additional
improvement area for social sustainability in PEsrhowever, the stage-wise goals of
the two plans are quite different. Plan A emphessizs major efforts on the short-term
period, and more passively maintains the indusihaale without any major investment

over the mid-term period. On the contrary, PlafoBuses on incorporating small
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improvements throughout the short-term period antimake major investment over

the mid-term period. Note that the two plans aewetbped based on different
business development strategies; this is not dseclikere as it is out of scope of this
work.

Short- to mid-term sustainability predictionNew data of the industrial zone
after implementing enhancement Plan A and B at thalshort and mid-term stages are
input in the tool for sustainability prediction. h&n, the sustainability states at those
time stages are calculated and presented in thewbere the screenshot is shown in
Fig. 6.18. This prediction clearly shows that Plrand B will both keep a good
economic sustainability over the short- to mid-tgperiod. For environmental and
social sustainability, Plan A can provide a fasteprovement than Plan B over the
short-term period. However, when the industrialegoes to the mid-term period, the
environmental and social sustainability improvementPlan B will have a significant
improvement, while the improvement by Plan A wiledome slow. By the
consideration of the entire six year along the shormid-term period, the composite
economic, environmental, and social sustainabditgr implementing Plan A will be
0.603, 0.344, and 0.578, respectively, and the saomposite sustainability after
implementing Plan B will be 0.601, 0.399, and 0.,7B5pectively. Note that both
plans satisfy the pre-set minimum acceptances sthsability goals, i.e., 0.523, 0.33,

and 0.523, which indicates that no plan modificai®oneeded.
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Figure 6.18. Short- to mid-term sustainabilitygiction of the industrial zone
after implementing Plan A and B.

The overall sustainability by Plan A and B will 8612 and 0.599, respectively.
In the same screenshot by Fig. 6.18, such the dgwant path of Plan A and B are
depicted in the sustainability cube, which visualiemonstrates the different
enhancement effects of each plan at each term. stMyeh these prediction results and
comparisons, decisions can be easily made fordaetification of the best suitable
enhancement strategy: if short-term performandbdasprimary concern, Plan A would
be more desirable; however, if the zone’s planneuges on a mid-term performance

goal, Plan B would be more advantageous.
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6.3 Future Works

Two types of future works are being considered wother improve this
computational tool. First, a considerable and irtgrd need is to provide the tool a
capability of handling data and information uncemta In reality, data and
information uncertainty is one of the most chalieggissues in sustainability
assessment and decision making for industrial Byste For example, the price of raw
materials and products, forthcoming environmengglutation, future market demand,
etc., are frequently uncertain, and much inforrmatieed for sustainability assessment
are always incomplete and imprecise, like the pakrenvironmental impact of
untraditional chemicals.

Among those available mathematical techniques, amdputer and cognitive
science based methods for handling uncertaintiéstvial parameter based approaches
has been proposed and proven for effectively hagdldata and information
uncertainties in sustainability studies (Les al, 2011), which treat uncertainties as
intervals with known lower and upper bounds, anglyamteractive algorithm to obtain
numerical solutions resulting in the same intefeaiat (Li et al, 2006). Therefore,
it is highly desirable to further integrate theeinal parameter based approaches into
the current methodology and update the tool. Mwgosince the methodology
framework and tool interfaces can be almost keptstime, there is no big effort needed
for implementing this methodology and tool update.

Another considerable future work is to introducdimjzation-based decision
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support for sustainability enhancement. The curdatision support of the tool is
based on comparisons between scenarios of enhantcehaas, which is well used in
industrial societies. However, the quality of tbelutions derived by this method
highly depends on the plans proposed, and no opsaiations can be addressed. In
order to derive optimal solutions, this comparid@sed method must be replaced by
the optimization-based method, which should be afsleconduct sustainability
assessment using models of system variables insteagecified data, and derives
solutions by handling system optimizations insteadsimple comparisons. Such a
change requests great efforts in developing nevhodeiogy and designing new tool

interfaces.

6.4 Chapter Summary

To facilitate industrial practice on engineeringststinability, a computational
tool, namely ISEE (Industrial Sustainability Evaioa and Enhancement), has been
designed and presented in this chapter, where @mapsive sustainability principles
are embedded in a systems approach for sustaiyedsbessment and decision support.
The developed ISEE tool is featured by its capgbdf processing system data and
information, assessing sustainability status qud @redicting its future performance,
and evaluating design alternatives using variostasuability metrics. Based on the
assessment, the tool is also capable of identifinegnost desirable design for short- to

long-term sustainability enhancement. Using tloisl,t people without knowing the
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complex sustainability theories and calculatiorem) easily evaluate the sustainability
status of industrial and energy systems of inteceshpare different design alternatives,
identify the best design for decision-making, aradjuare suggestions on potential
system improvements.

This tool is developed in a flexible structure, @hiallows the user to modify
either the assessment or the enhancement scherntesnmost convenience. The tool
interfaces are developed user-friendly with mennd buttons for help review, file
saving, page print, etc. The efficacy of the depetl tool was demonstrated by
applications of a sustainability assessment ofibs®l manufacturing technologies and
a short-to-long-term enhancement strategy develapfioe a metal-finishing-centered
industrial zone. In summary, this computationall tdSEE will greatly facilitate the
academic and industrial practices on the study udtasnability, as the only one

available to the public so far.
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CHAPTER 7
INTRODUCTION OF EXERGY ANALYSIS AND ITS APPLICATION IN

INDUSTRIAL SUSTAINABILITY RESEARCH

Industrial sustainability is a major branch of sursability research focusing on
how to pursue the short- to long-term sustainableebbpment of an industrial or energy
system, where material and energy efficiencies,tavasduction, safety, synergies
among the systems, etc., are among the major am¢Pilusoet al, 2010). For a
given industrial or energy system, there are thypes of elements carrying all the
information of it, namely, material flows, energyoWs, and operation units.
Sustainable system methodologies introduced in t€hap to 5 are all suitable for
dealing with those three types of elements, whike thost fundamental material and
energy balance are applied.

In the recent years, the concept so called Exeagyldeen paid more and more
attentions in the study of industrial sustainajilit Since exergy represents the
chemical and physical properties of material andrgy flows in a unique way, its
application in sustainability gives raise to newws and understanding compared with
the traditional material and energy balance bagguoaches, while at the same time,
there are still some unclear issues for usingdbreept.  In this chapter, we will give a
brief introduction about the concept of exergy axeérgy based process analysis, and
then develop an exergy based IOA method for inddssustainability analysis.

Detailed discussion about the advantages and diséalyes by using exergy analysis
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will be given at the end of this chapter.

7.1 Concept of Exergy

In thermodynamics, the exergy of a system is theimmam useful work
possible during a process that brings the systémequilibrium with a heat reservoir.
When the surroundings are the reservoir, exerglg@spotential of a system to cause a
change as it achieves equilibrium with its enviremtn By this concept, we can say
that exergy is the energy that is available to bedu which represents the quality
property of energy.

Excluding nuclear, magnetic, electrical, and irdeldl effects, the exergy of a
stream of substance can be divided into four comaptn (i) kinetic exergy, (ii)
potential exergy, (iii) physical exergy, and (ivpetnical exergy. However, the first
two components are always very small, so that we reeglect them in the normal
exergy analysis.

The physical exergy and chemical exergy of a stremmbe calculated using the

following two equations (Kotas, 1985):

Ephysical =H _TOS (71)
K 0 K _

E physical = znkgk + (T_To)z X Cpx (7.2)
k=1 k=1

E = Ephysical+ Echemical (73)

where Enycial, Echemica @nd E are the physical, chemical, and total exefghe stream,
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respectively; H and S are the enthalpy and entadgfie stream, respectivellt is the

total number of chemical components in the stream;is the molar amount of
component K;g’ is the chemical exergy of component K in its refee state
(environment); x, is the flow rate of the k-th component per molenakture; and

Crx Is the mean isobaric exergy capacity of compo#ientAs can be seen in such an

exergy calculation, the environment of the systeastnbe specified as a reference state
in order to conduct the exergy calculation.

First law of thermodynamics shows that energy isenedestroyed during a
process; it changes from one form to another. ohtrast, the physical exergy accounts
for the irreversibility of a process due to increas entropy (see second law of
thermodynamics). Physical exergy is always destioywhen a process involves an
entropy change. This destruction is proportionaie entropy increase of the system
together with its surroundings. For a simple cleaiieaction system (see, Fig. 7.1),

its physical exergy change between the inlet flowt autlet flow can be calculated by

Eq. 7.4.
To, &
Q
f11 r\(, Xk ’ Eps,k R t f21 rl(l Xk ’ Epz,k
eaction
Hl’ S.L’ Tl’ Pl’ Hl HZ’ SZ! T21 PZ! H2

Figure 7.1. A simple chemical reaction systemilfostration of exergy change.
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E, physica™ Exphysica = H2 = H1= Tg (Sz_ S.I.) (7.4)
where B phycia and B pnysica are the physical exergy of the inlet and outletwfl
respectively; H and H are the enthalpy of the inlet and outlet flowpectively; T is
the temperature of the environment; and&id $ are the entropy of the inlet and outlet
flow, respectively.

For such a system described in Fig. 7.1, the@ss chemical exergy change
due to the reaction, where the chemical exergy ghdetween the inlet flow and outlet

flow can be calculated by Eq. 7.5.

k2 kl k1 kl
E2,chemical_ El,chemical = Z nkgko + (Tz -Ty )Z Xkaék - Z nkgko - (Tl -T )Z Xkalgk
k=1 k=1 k=1

k=1
(7.5)
where k; and k, are the total number of chemical components inirile¢ and outlet
flow, respectively; n. is the molar amount of component K is the chemical

exergy of component K in its reference state (@mment); x, is the flow rate of the

k-th component per mole of mixture; arg}, is the mean isobaric exergy capacity of

component K.
Adding Egs. 7.4 and 7.5 together, the total exdogg between the inlet flow
and outlet flow is given Eq. 7.6, which is alsoledlanergy.
K, K, K,
— ~0 ~e ~0
E,—E =H,- Hl_TO(SZ_ S.I.)+ angk + (Tz_To)Z X, Co _angk
k=1 k=1 k=1
« (7.6)
- (Tl_TO )Z X Crx
k=1
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7.2 Exergy based IOA

In this section, an exergy based input-outputyamaimethod is proposed for the
study of industrial systems. Since exergy hasarservation as neither the mass nor
the energy, the traditional input-output analysis neass and energy system was
modified to suit the exergy analysis, where theegainprinciple can be illustrated using

Fig. 7.2.

R
R W
- &

Figure 7.2. Exergy based IOA for one system entity

In this figure, H represents the i-th entity of the system undedyst& is the
exergy inflow carried by raw materials from the eomment to K U; is the exergy
inflow carried by fuels from the environment t@ i _; is the internal exergy flow from
H; to H; R is the exergy outflow carried by products fromtéithe environment; Ws
the exergy outflow carried by wastes fromtbl the environment; and, is the exergy
loss in H. For a system contains multiple entities, thenmal exergy flows of each
entity need to be connected, which will give a ctetgexergy IOA structure.

The exergy of RU;, a_;, B, W,, and ¢_;, can be calculated using Egs. 7.1

through 7.3, while the exergy loss, Ehould be quantified by Eq. 7.6. With that, the
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exergy efficiency of that entity can be conductsohg the following equation.

EE\ — I:)i-i_ex—i

B R+U;+e )

where EE, stands for the exergy efficiency of the i-th entitNote that the same

exergy efficiency can be calculated for a sectdherwhole system.

The chief aim of this exergy analysis is to detsudl to evaluate quantitatively
the causes of the thermodynamic imperfection of phecess under consideration.
Exergy analysis can, therefore, indicate the pdgsb of thermodynamic

improvement of the process under consideration.
7.2.1 Case study

As an example for efficacy demonstration, the psmg exergy based I0A is
applied to an automotive manufacturing centeredistribl region. The goal of this
study is to evaluate the current exergy efficien€ythe system and identify effective
strategies for the system's enhancement.

The exergy based IOA flow sheet of this automotivanufacturing centered
industrial region is given in Fig. 7.3, which contsix entities defined in the way of
Fig. 7.2. To quantify the current exergy efficigraf the system, the exergy of each
stream is calculated using Eqgs. 7.1 through 7.&revlthe results are demonstrated
visually in Fig. 7.4. Note that in this figure etsummation of two exergy inflow&{

and R) carried by the raw materials from the environmenthe system is defined as
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the reference amount, and all other exergy strearasnormalized as a percentage
compared to this reference amount. For instariee,ekergy ofPs is 28.4% to the

exergy ofR;+R..

iy

Suppliers . Tier | Manufacturing ; OEM Manufacturing
(Chemicals) : (Metal Plating) . (Automotive Assembly)
1 1
1 1
| | P
Ry H, : H, : H, ’
e3-1—| E r €33 €53 E
I |
1 1
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| | €
€2 i o
| | P
R ] N 6
2 H, [ | Hy [ | Hg
| |
1 1
€4 T : €44 | €64
! oo ] W,
| | Wi
| : W
Uy i i W,
U, i i W
U, | | 2
1 1 Wl
u, ! '
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’ ! ! Ls
U i i - L
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| : L,
i ! L,
i I L
1 1

Figure 7.3. Exergy based IOA flow sheet
of the current automotive manufacturing centereaigtrial region.
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With that, the exergy efficiency of the six plaotn be calculated using Eq. 7.7,
where the results are given as follows:

e, _ 16.1%

EE, = = = 2512% (7.8)
R+U, 42.7%%21.4%
0,
EE, =828y L SONH U )00, (7.9)
R+U, 57.3%* 287%
0, 0,
EE, = »3%%s - 1.4%+23.6% =15.35%  (7.10)
U,+e,,+e,,+e,, 1358%F16.19%+9.6%6+1.4%
0, 0, 0,
EE = CtOte, _ LSWHEA%EI% oo oo
U,+e,,+e,_+e,. 72.3%F+11.7%+1.5%+0.3%
0,
EE=— 5 - 28.4% =37.03% (7.12)

S U.te ,te., 46.7%+23.6%+6.4%

EE, =168 o S%+0.3% _ o) 4oy, (7.13)
U.+e,, 10.1%%5.3%

Moreover, the exergy efficiency of the three sextd.e., Suppliers, Tier

Manufacturing, and OEM, are calculated using E@, @nd the results are given as

follows:
EE - GatCnten | 16A%96%HILI%  _,iome oy
welers ™ R +U +R,+U,  42.7%¢+ 214%+57.3%+ 287% '
EE € 3t6 316 476,16,

Tier Manu

B U 3 + eS—1+ eS—Z + eS—3 + U 4 + e4—2 + e4—4 + e4—6
1.4%+ 236% +1.5%+6.4%+5.3%

= 7.15
135.8%+16.1%+9.6%+1.4%+ 72.3%+11.7%+1.5%+ 0.3%( )

= 1536%
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Pt Pt
Us+e; s+ ,+Us+6,

_ 28.4%+ 5%+ 0.3%

T 46.7%+23.7%+6.4%+10.1%+5.3%

EEOEM =

(7.16)
=36.56%

Finally, the exergy efficiency of the whole system

EE .= Ry
R +U R +U,+U+U, +U U
_ 28.4%+5% (7.17)
42.7%+ 21.4%+57.3%+ 28 7%0+135.8%+ 72.3%+ 46.7%+10.1%

= 805%

The above exergy analysis results of the currgstesn shows that the overall
exergy efficiency is only 8.05%, which should bepmoved. Thus, two feasible
system modification strategies are proposed: (ilntmduce recycle from Hto both
plating plants, i.e., fland H, which can decrease 45% of the waste generatddsby
and (ii) to replace the water heating source ohlpéting plants, i.e., Hand H, from
electricity to liquid fuel, which can increase teergy efficiency significantly.

The exergy based I0A flow sheet of the modifiedusstrial region is given in
Fig. 7.5. Then, the exergy of each stream is lestated using Egs. 7.1 through 7.3,
where the results are demonstrated visually in Fig}.

For this modified industrial zone, the exergy @éncy of the six plants can be
re-calculated using Eq. 7.7, where the resultgaen as follows:

0,
EE, =S = 163% 500 (7.18)
R+U, 42.7%%21.4%
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Figure 7.5. Exergy based IOA flow sheet
of the modified automotive manufacturing centeretlistrial region.
+ 0,
EE, =S8y L SONH UL ) 00, (7.19)
R,+U, 57.3%+ 287%
EE, = € ,te _ 1.4%+23.6%

U,+e,,+te, ,+te, ,+e, . 105.8%+16.1%+9.6%+1.4%+ 0.9%

(7.20)

=18.68%
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e oo Cotete 1.5%+6.4%+5.3%
*TU,+e,,+e,,+6, . +6,, 56.3%+1L.7%15%+ 06%+0.3%
(7.21)
= 1875%
cE, = Pteaten | 28.4% 06+ 00% oo o0 7.22)
U.te, +e., 46.7%¢23.6%+6.4%
EE, =8t s o S%*03% _ o) 15y (7.23)

" U.+e,, 10.1%+5.3%
Moreover, the exergy efficiency of the three sextd.e., Suppliers, Tier

Manufacturing, and OEM, are calculated using E@, &nd the results are given below:

EE. _ e teste, _ 16.1%+9.6%+11.7% = 2492% (7.24)
weles T R +U + R U, 42.7%+ 214%+57.3%+ 287% '
EE €316 ;1€ 4,16 ,16,

Tier Manu =
U 3 + eS—l + e3—2 + e3—3 + e3—3 + U 4 + e4—2 + e4—4 + e4—5 + e4—6

_ 1.4%+ 236%+1.5%+6.4%+5.3% (7.25)
105.8%+16.1%+ 9.6%+1.4%+ 0.9% + 56.3%+11.7%+1.5%+ 0.6% +0.3%

=187%

PRtR+6:t8stes

E =
EOEM U5+65—3+65—4+U6+86—4 (7 26)
0+ 5O 0 '
_ 28.4%+5%+ 0%+ 06%+0.3% ~38.18%

46.7%+23.7%+6.4%+10.1%+5.3%
Finally, the exergy efficiency of the whole system
EE_ = R+ R

wone I:‘)1-'-lJl+R2+U2+LJ3+LJ4+U5+U6
(o) 0,
28.4%+5% (7.27)

42.7%+ 214%+57.3%+ 28 7%+105.8%+ 563%+ 46.7%+10.1%

=905%



219

The exergy analysis shows that after implementiegmodified strategies, the
system's overall exergy efficiency can be increaBedh 8.05% to 9.05%, which
denotes a 12.42% improvement. To further imprdve éxergy efficiency of the
system, other enhancement strategies should be@sgdpand the same exergy based

IOA needs to be re-applied to demonstrate the ex@maent performance.

7.2.2 Discussion on exergy analysis in sustainabyliresearch

Since exergy represents the chemical and phypicgderties of material and
energy flows in a unique way, its application irststinability gives raise to new views
and understanding compared with the traditionalent and energy balance based
approaches. Advantages of exergy analysis candghdidhted as follows: (i) exergy
represents the quality property of energy, whicllidates the possibilities of
thermodynamic improvement of the process under ideretion, and (ii) exergy
combines both the material and energy aspectsgéteam into one property, which can
be used to represent the total impact of the sysbtetime environment.

However, exergy has not been well accepted irsthay of industrial problems
due to the following two concerns. First, as ditranal and practical concept, energy
has been used and well accepted by industry ouwedrbds of years. Almost all the
real life and research accomplishment are desciibéde format of energy, especially
for the cost of energy usage., people already getto using "$/energy amount" as the

common basis. Second, the exergy-based analysis isonsisted with energy-based
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analysis, and there is no existing system to relatergy usage to the cost.

Therefore, exergy based analysis cannot be sinugld in sustainability
research for the replacement of energy based asaly$She best role of it could be a
complement out of the current material and eneapel sustainability study. In detail,
exergy efficiency can be used as one of the asssgsimdicators of sustainability,
which uniquely indicates the quality property okagy, and helps for the identification

of possibilities of thermodynamic improvement of gystem in necessary.

7.3 Chapter Summary

In the recent years, the concept so called Exeagyldeen paid more and more
attentions in the study of industrial sustainajilit Since exergy represents the
chemical and physical properties of material andrgy flows in a different way, its
application in sustainability gives raise to newws and understanding compared with
the traditional material and energy balance bagguoaches, while at the same time,
there are still some unclear issues for usingdbrsept.

In this chapter, a brief introduction about the capt of exergy and exergy
based process analysis is given. After that, amnggxbased IOA method is proposed
for industrial sustainability analysis, and a dethicase study is given to demonstrate
the efficacy of the proposed method. Finally, Htvantages and disadvantages by

using exergy-based analysis are discussed at thefehis chapter.
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CHAPTER 8

CONCLUSIONS AND FUTURE WORK

The major developments and significant contribugiaf this dissertation are
summarized in the first part of this chapter, which followed by a set of

recommendations for future work.

8.1 Conclusions

The research leading to this dissertation has gtkela series of methodologies
for the study of sustainability problems of indigtand energy systems under various
types of complexity and uncertainty. Such methogigls have three major features:
(i) effective approaches that can address the isability principles, (i) system
approaches that can handle great complexity amtifgeoptimal solutions, and (iii)
practical approaches that can be implemented umdsous types of uncertainty.
Beyond that, a computational tool is being designddch provides functions on both
the industrial sustainability assessment and d&eisiaking through several convenient
and interactive steps of computer operation.

Part I: Methodology development. The first part of this dissertation
(Chapters 2 to 5) is focused on the developmersustainability design and decision
making methodologies under various types of unceits. As stated, sustainability

design and decision making of industrial and enexgstems is a multi-objective and
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interdisciplinary task, which has great challendes to the inherent complexity and
uncertainty.  Through imbedded uncertainty handliagproaches into systems
approaches, sustainable systems methodologiesopeekein those chapters are able to
perform sustainability assessment, design and idecrmaking under various types of
uncertainties and great complexity, where solutiob&ined can help decision makers
to identify desired manufacturing strategies andistem enhancement decisions for
industrial practices.

The first two chapters introduce interval paramebased sustainability
decision-making methodologies, where the interaabmeter based approach is used to
handle epistemic and alearoty uncertainties. Dgakith sustainability enhancement
on any existing industrial systems, Chapter 2 thices a simple approach for
systematic sustainability assessment of industsipdtems and technologies, and
effective system sustainability enhancement undeedainty. The methodology is
able to derive efficiently the most suitable sauo8 for identification of superior
sustainability technologies under uncertainty, aah be generally applied to the
sustainability enhancement problems of any sizesange.

Chapter 3 focus on sustainability oriented stnateigaking on new
(non-existing) energy systems. A systematic soghility assessment based
decision-making methodology is proposed in thisptéia for conducting strategic
planning of biodiesel manufacturing in regions. tBig methodology, the best strategy
for biodiesel manufacturing in regions can be idiet through conducting a series

procedure in several functional modules. The lesture of the methodology is its
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system analysis and decision making under unceytairhe methodology is general
and systematic to apply for the strategic planbiofliesel and other types of industrial
manufacturing in any region as states and countri#de case study on strategies
identification for biodiesel manufacturing in thiate of Michigan over next ten years
has clearly shown the efficacy of the methodolog¥he solutions obtained can help
decision makers to identify desired manufacturingategies with maximized
sustainability performance under uncertain dataiafodmation.

Chapter 4 introduces a Fuzzy Logic based Tripleeslate for deriving the
optimal sustainability enhancement strategies usdbjective uncertainties, where the
Fuzzy Logic theory is imbedding with systems apph@s to handling both the
complexity and uncertainty associated with the aoability study. The problem
solving procedure, through system assessment,sasa#nd action, can characterize the
system thoroughly, identify root causes deeply, dedve solutions conveniently and
reasonably. The methodological efficacy has beegessfully demonstrated through
studying a complicated industrial zone problem. isTimethodology can be further
enhanced by integrating more domain and heurisiiokedge.

Compared to the first three chapters all dealinth epistemic and aleatory
uncertainties, an approach consisting of both yiséesn optimization and Monte Carlo
based simulation is introduced in Chapter 5 foe@ftely identifying the best possible
solutions of sustainability improvement under oalgaroty uncertainty in stochastic
formats. By this method, the extended EIO-based d&ision-analysis is first

borrowed to obtain the potential modification opg8o After that, an industrial
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sustainability is described as a system optimipapmblem, and a Genetic Algorithm
approach is implemented to solve it. The localimat solutions obtained from
Genetic Algorithm approach will be recorded as odaues for further uncertainty
analysis. Next, uncertainties are introduced itite system and Monte Carlo
simulation is applied to recheck the sustainabpigyformance of each candidate under
the introduced uncertainties. Finally, the bessstae decisions will be readily
identified from the candidate solutions through ragating the results of each
individual Monte Carlo sample for a result. Theimadvantage of this approach is its
capability of identifying optimal choice effectiyelwith the consideration of system
uncertainties. The proposed approach is fullystliated through analyzing the
sustainability issues and developing strategiesefdnancing the sustainability of a
component-based electroplating industrial zone,taedootential applications by using
the proposed methodology are further discussed.

Part 1l: Other sustainability research. The second part of this dissertation
contains Chapter 6 and 7, which introduce two otlgpes of work on sustainable
systems engineering. In Chapter 6, a computatiooal is designed to provide
functions on both the industrial sustainabilityesssnent and decision-making through
several convenient and interactive steps of commgeration. Using this tool, people
without knowing the complex sustainability theoriasd calculations, can easily
evaluate the sustainability status of industrial @nergy systems of interest, compare
different design alternatives, identify the bessige for decision-making, and acquire

suggestions on potential system improvements. @bmsputational tool will greatly
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facilitate the academic and industrial practicestimn study of sustainability, which is
the only one available to the public so far.

In Chapter 7, a brief introduction about the cqtad exergy and exergy based
process analysis is given. After that, an exerggeld IOA method is proposed for
industrial sustainability analysis, and a detaidede study is given to demonstrate the
efficacy of the proposed method. Although thisrgyebased analysis has not been
well accepted in the current study on industriabtems, it has a promising role of
being used as a complement of the current susttpadnalysis, which is able to
uniquely indicate the quality property of energpdahelps for the identification of

possibilities of thermodynamic improvement of tlystem.

8.2 Future Work

This dissertation builds a solid basis from whattditional and more in-depth
investigations on sustainable systems approachesbeaconducted for design and
decision making of industrial and energy systenighis section discusses possible
directions for future development.

Multi-stage decision-making The sustainability design and decision making
methodologies developed in this dissertation aser@gally based on a single time stage,
which provide solutions form the starting pointtbét stage directly to the end point of
it. As stated in the introduction, however, then@gpt of sustainability indicates a

short to long-term harmonious development. Famgiterm problem, there are much
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likely multiple stages along the time scale, whénre sustainability design and/or
decision making need to be conducted at all thosges to achieve certain
sustainability goals and meet various constrainéaeh stage.

To solve such a long-term problem with multipleaggs, two ways can be
applied. The first way is to simply decompose mhelti-stage problem into several
separated single-stage problems, and thus, theodwtygies introduced in this
dissertation can be directly applied on each sistige in sequence (from the first stage
to the final stage) for deriving individual solut® and the overall solutions for the
multi-stage problem are the combination of all Brgfage solutions. Note that
although the best possible solutions for each stage are achieved individually, the
sustainability design and/or decision-making at fihal stage may not be the best in
terms of the overall problem, since the solutioharoearlier stage were made without
considering the information from the later stages.

Another way is to consider the multi-stage probksma whole task, and use the
algorithm of dynamic programming (Lew and MauchQ2p0to derive the best possible
solutions backwards from the final stage to thetfstage. Note that the solutions
derived in this way can guarantee the best sudtéityadesign and/or decision making
at the final stage in terms of the overall problesimce the solutions of a later stage
must be made in considering the information from ¢arlier stages. However, since
that all the information should be transferred éesglly when there are models with
undefined variables) between stages, the dynamoigramming will most likely result

in a very complex format, which is impractical te solved by traditional optimization
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approaches. Therefore, although the general mekbgy is clear, the details for
solving some real applications by this way showddibveloped carefully.

Hierarchical decision-making Industrial sustainability is always addressed
in a large scale and scope, for instance, an industone or even a nationwide
sustainable development. In reality, such a lasgstem, like a company or an
industrial zone, is organized in a hierarchicauaure, where different management
focuses are required at different levels of theéesys Figure 8.1 shows a sketch of the
hierarchical structure of an industrial zone camtag M functional sectors, where each
sector has different numbers of plants. A dessestainability design and decision
making for this industrial zone must be made inhesector and each plant entity, and

then coordinated over the entire system to ensiréést possible decisions.

Zone
Coordination
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Figure 8.1. Hierarchical decision makihg of anusiial zone.

In detail, the sustainability on the top leveg,. .the zone coordinator should be

studied first. Note that when conducting the stuldg zone managers only possess the
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information of the next lower level, i.e., the s#st where the information of the plant
level is totally unknown. As the results, the bpessible sustainable development
decisions of the zone level in terms of budgetridhstion, predicted sustainability

improvement, etc., are sent to each correspondeatpss at the middle level of the

system.

After that, each individual sector will conducs ibwn sustainability based
decision making, with those information given by ttone and all individual plants in
the same sector. Note that in this step, eachoiseedrks separately, where the
information of the other sectors is unconnecteds tAe results, the best possible
sustainable development decisions of each sectaenms of budget distribution,
predicted sustainability improvement, etc., aret $ereach corresponding plant at the
bottom level of the system. Since those decisiweie made without considering the
connection with other sectors, there must be samné&adictions in the decisions made
by different sectors.

When the information reaches the bottom levelhef $ystem, each individual
plant will conduct its own sustainability-based idean-making. Note that in this step,
each plant works separately as well, where therimdion of the other plants is
unconnected. As the results, the best possiblaisable development decisions of
each plant in terms of desired budget, predictedtaguability improvement, etc., are
generated. Since those decisions were made wittumdidering the connection with
other sectors, there must be some contradictionthendecisions made by different

plants. On the other hand, since each plant mrdtepursue its own benefits, their
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decisions may not be consistence with those giyethd upper sector.

After making the first round decisions in a topaahodirection at all levels, the
decision information will be sent backwards frore fllant level to the sector level. At
the sector level, each sector will coordinate thfermation from different individual
plants in the same sector, and then modify theipusvsector decisions in order to
achieve the best possible sustainability over theolev sector. Note that the
coordination of plant decisions can only be conedcat the sector level, where the
information of all plants is known. New decisiook each sector will then be sent
down to each plant again. With that, plants wikka their new decisions and send
back to the sectors. In this way, the decisionsdgtors and plants are cycled back
and forth between the sector level and the plawméllantil there is no decision
modification happened in the sector level.

After that, the decisions by each sector will batsto the upper zone level to
take the same kind of coordination cycle betweenzbne level and the sector level.
Note that every time when the decisions at theosdetvel changed, the coordination
cycle between the sector level and the plant Iskielld be conducted once more.

In general, such a completely hierarchical deoisiaking procedure is tedious
and complex to be handled manually. However, Withability of modern computers,
loop-based programming can realize it quite easily.

Finally, the hierarchical decision-making can leebined with the multi-stage
decision-making discussed before, where the detisiaking at zone, sector, and plant

level are always conducted over multiple time stagging the dynamic programming
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method. @ Such a multi-stage and hierarchical daeisiaking for industrial
sustainability development is certainly the besyvia deriving solutions; however, it
is also the most complicated case in sustainabéggarch.

Agent-based decision-making The sustainable systems methodologies
introduced in this dissertation are all in a topwvdostructure, where the aim is to
achieve the best possible sustainability perforraaner the entire system. In reality,
it suits for those relatively small-scale systents, instance, a company, where the
overall manager of the system can directly conaiblthe individual entities. For
large-scale systems, as discussed before, thed¢heral decision-making may be more
practical in reality, although the solutions dedveay not be as good as the one derived
by those pure top down methodologies introducethis work. Beyond those two
types of approaches, there is another way to cdrslistainability study in a bottom up
structure, which is so called the agent-based mecimaking.

An agent-based decision-making imitates the nhsekection principle of the
nature, which allows each individual agent (or atfed as entity) within the system to
make their own decisions freely, and then through ¢onnection and/or competition
between entities, achieve a good performance tecentire system (Bonabeau, 2002).

To run an agent-based decision-making, four typésmodels must be
predefined: (i) information of each agent, (ii) anfhation of a general environment
embodies all agents, (iii) behavior algorithm ofcleaagent when it receives new
information from the environment, and (iv) evolvidgorithm of the environment

when new information is given from the agents. Hwnihose, the agent-based
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decision-making starts from agents, where eacthemtprocesses the information of
the general environment using its behavior algorjttand then obtains its decisions.
Next, agents' decisions are sent to the environnaemt the environment will then run
its evolving algorithm with such information to @bt new environment information.
Such new environment information will be sent baxleach agent for another round of
decision-making for each agent. When there is imange on each agent and the
general environment, the agent-based decision-rgaikircompleted, where the final
solutions are then obtained.

Note that the sustainability performance of therall system derived by the
agent-based decision-making are definitely not@sdgas the one derived by the first
two approaches, since that the agent-based decisaing is essentially an unit
approach (the opposition of the systems approacfiherefore, the agent-based
decision-making was not widely accepted and pradtin the sustainability research
area. However, agent-based decision-making id wtirth for handling some
particular cases, where free competition and saeifegion are the dominating
principles of the systems.

Sustainability-oriented process retrofit design: ga closing Among those
sustainable systems methodologies developed int€hago 5 of this dissertation, the
fuzzy logic based methodology (Chapter 2), the &mipterval parameter based
methodology (Chapter 3), and the Monte Carlo basethodology (Chapter 5) are all
for deriving sustainability enhancement strategieander uncertainties.

Sustainability-oriented process retrofit designsigely one of the key branches in
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sustainability research area, since there are gneaiy existing industrial or energy
systems with unsatisfied sustainability performanedich request effective and
efficient methods to help enhance their currentasnability.

Compared with the sustainability-oriented strategking on new (non-existing)
systems, sustainability-oriented process retra#igh is more difficult, the reasons are:
(i) there are always restrictions on the changexadting equipments, connections, etc.,
and (ii) to achieve good retrofit design effectgsign efforts must be put on the
bottlenecks of the unsatisfied systems. Therefbosy to identify the feasible and
effective retrofit design options becomes the muogiortant part in the entire retrofit
design procedure.

Sustainable systems methodologies developed inpt€ha to 5 can be

summarized in Fig. 8.2 as a triple-A template faostainability-oriented process retrofit

design.
1 . 3 4 5
——| Sustainability R System .| Enhancemen
» - Ll . ﬁ

—2’ Assessment Analysis Action

1. Systemdata.

2.  Well defined sustainability metrics.

3.  Values of sustainability indicators.

4.  Retrofit design options.

5. Bestretrofit design strategies - decisions.

Figure 8.2. Triple-A template for sustainabilitjiemted process retrofit design.

According to Fig. 8.2, the task for identifyingetfieasible and effective retrofit
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design options should be done in the "System Amdlysnctional block, where the

details of it are extended in Fig. 8.3. Valuesso$tainability indicators will first be

compared with the pre-set sustainability goals. thé current sustainability is within

the satisfaction range, the retrofit design is dantkerwise, the values of sustainability

indicators will be further sent to the root caudentification unit.

In this unit, the

fish-bone diagram (Ishikawa, 1990) is used to trbaek from those sustainability

indicators in low values to the potential systenttlbnecks, where the details can be

found in section 2.1.2. After that, the retrofésign options can be identified by brain

storming or industrial experiences.

Done

|

\ 4

Satisfaction
Judgment

System Analysis

Root Cause

Identification

A

4

A

A\ 4

Fish-Bone
Diagram

»| Retrofit desig;ll

generation

N o o ks w

Figure 8.3.

Values of sustainability indicators.
Sustainability goals.

Sustainability indicators in low values.
Potential system bottlenecks.

Retrofit design options.

Detailed steps for system analysis.

v

Actually, when the system under study is very clexpthe identification of
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retrofit design options with known system bottlereare difficult by brain storming or
industrial experiences. Therefore, there is a tgape closed, where more scientific
methods should be developed for the identificatibretrofit design options.

To close this gap, Carvallet al. (2008) proposed a sensitivity analysis based
methodology, which through calculating 5 mass andergrgy indicators (not
sustainability goal related), identify potentialopess variables for modification (i.e.,
potential process bottlenecks). Next, a sensjtiéhalysis is conducted on each
potential process variable to the sustainabilitthef entire system, where the results can
give the process variables that have the potetttiaiake significant improvements in
the process (i.e., the process bottlenecks). Ahat, the traditional process design
algorithm is applied to transfer those processalbdes to the potential operational
variables directly indicating the feasibility of trefit design. Finally, another
sensitivity analysis is conducted on each potenbopkrational variable to the
sustainability of the entire system, where the ltestan give the final retrofit design
options.

This methodology by Carvalhet al. (2008) has great advantages in the
identification of feasible retrofit design optiorsnce it successfully transfers the need
of process variable modification to the need ofrapenal variable modification.
However, also due to this variable transformattbe, retrofit design options may not be
the most effective ones. Note that this methodplsgthe only one so far published
for sustainability goal oriented process retrofégsign. Therefore, there is still a

research need to develop better methodologieos® the gap.
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Improvement on the computational tool for sustainallity assessment and
decision-making A computational tool is designed in Chapter provide functions
on both the industrial sustainability assessmedtdetision-making. Using this tool,
people without knowing the complex sustainabiliitgdries and calculations, can easily
evaluate the sustainability status of industrial @nergy systems of interest, compare
different design alternatives, identify the bessige for decision-making, and acquire
suggestions on potential system improvements.

However, such a computational tool has no abii@ydeal with uncertainty,
which is one of the key issues in sustainabilisesech. Therefore, a considerable and
urgent need for improving this computational ta®ltd add the uncertainty handling
approach into it.  Since the interval parameteetagpproach is straightest forward to

be implemented, it should be considered first.
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APPENDIX A

POTENTIAL ENVIRONMENTAL IMPACT (PEI) CALCULATION

The basic concept of PEI in the WAR algorithm asd&d on the traditional mass
and energy equilibrium. Eight impact categories @ren considered for quantifying
PEI, namely global warming potential (GWP), ozonepldtion potential (ODP),
acidification potential (AP), photochemical oxidati or smog formation potential
(PCOP), human toxicity potential by ingestion (HY;Fiuman toxicity potential by
inhalation/dermal exposure (HTPE), aquatic toxigiytential (ATP) and terrestrial
toxicity potential (TTP). For steady state corahs, the algorithm can be expressed
by Egs. A-1 and 3.9.

—_ t
0= 1P+ 18- 1= 1= 1= 11 (1)

out gen
— | (cp) (ep)
Iwe_lwe +|we (39)

where |®? and 1 are the mass input and output rates of PEI toctiemical

out

process. |®and |©? are the input and output rates of PEI to the gngemeration

process. 1 and |®” are the outputs of PEI associates with the wastienal and

we
energy from the chemical process and the energgrggon process)| gln is the rate of
PEI inside the system and it represents the creatiod consumption of PEI by
chemical reactions, andl,, is the total rate of PEI output from the chemmaicess.

In Eqg. 3.9, the PEI for mass and energy are catiedlby counting the impact by

all the components in either the waste mass streautiee consumed energy streams of
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a plantP;, which can be expressed in Eqgs. 3.10 and 3.11.

8 Nz N,

WPR)=>>>Aca, (3.10)
a=14=11=1
g8 Ny

I évip)(P) = ZGz// Ay (3.11)
a=1y=1

1(R) and 11®(P) are the mass and energy based PEI of the i-th, pispectively;

wej wej
A, (kg) is the amount of ther -th waste material stream, which is determinedhey t
plant capacity,x; c, (kg/kg) is the mass-based chemical compositionthef A -th
chemical component in the waste streaa),, (PEI/kg) is the normalized value of the
specific potential environment impact of the-th chemical component associated with
impact categorya; G, (J) is the amount of the/-th energy stream consumed,
which is determined by the plant capacity,, a,, (PEI/J) is the normalized value of
the specific potential environment impact of thieth energy stream associated with
impact categorya ; and N,;, N,, and N, are the total number of the waste material

streams, the chemical components, and the cons@med)y streams, respectively.
Note that for most of traditional chemicals, thgpecific potential environment impact
values are defined by EPA as certain values. Hewethe specific potential
environment impact value of some special chemiffalsinstance, biodiesel) has not
been well identified due to the incomplete data mwiokmation. For those chemicals,

we define their PEI values in interval-based nuraber
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Depletion of natural resources, environmental pnesseconomic globalization,
etc., demand seriously industrial organizationensure that their manufacturing be
sustainable. On the other hand, the efforts o$ipgrsustainability also give raise to
potential opportunities for improvements and cadl@ions among various types of
industries.

Owing to inherent complexity and uncertainty, hgere sustainability problems
of industrial and energy systems are always veficdit to deal with, which has made
industrial practice mostly experience based. kistiag research efforts on the study
of industrial sustainability, although systems a&gmhes have been applied in dealing
with the challenge of system complexity, most cérthare still lack in the ability of
handling inherent uncertainty. To overcome thmuitli there is a research need to
develop a new generation of systems approachestégyrating techniques and methods

for handling various types of uncertainties.
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To achieve this objective, this research introduceeries of holistic
methodologies for sustainable design and decisiakimg of industrial and energy
systems. The introduced methodologies are developa systems point of view with
the functional components involved in, namely, niogg assessment, analysis, and
decision-making. For different methodologies, theterval-parameter-based,
fuzzy-logic-based, and Monte Carlo based methods selected and applied
respectively for handling various types of uncetias involved, and the optimality of
solutions is guaranteed by thorough search or mysiptimization. The proposed
methods are generally applicable for any typesid@istrial systems, and their efficacy
had been successfully demonstrated by the givenstadies.

Beyond that, a computational tool was designedchvipirovides functions on
the industrial sustainability assessment and deeisiaking through several convenient
and interactive steps of computer operation. Thmputational tool should be able to
greatly facilitate the academic and industrial pcas on the study of sustainability

problems, and it is the first one available tohélic.
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